Ecology and Conservation Of the Endangered Forty-spotted Pardalote by Edworthy, Amanda
  
i 
ECOLOGY AND CONSERVATION OF THE ENDANGERED FORTY-SPOTTED 
PARDALOTE 
A thesis submitted for the degree  
of  
Doctor of Philosophy of  
The Australian National University 
Amanda B. Edworthy  
July 2017  
 
 
 
© Copyright by Amanda B. Edworthy 2017 
All Rights Reserved 
  
 
  
ii 
CANDIDATE'S DECLARATION 
This thesis is written in manuscript-based format. Chapters 2 through 6 are independent 
manuscripts that have or will be submitted for publication. I took the lead in developing the 
research program, performing the research, data analysis, and manuscript preparation. 
However, these chapters greatly benefited from discussions with my supervisory panel, Rob 
Heinsohn, Naomi Langmore, and Sam Banks, each of whom will be co-authors on one or 
more of the published manuscripts. This thesis contains no material which has been accepted 
for the award of any other degree or diploma in any university. It contains no material 
previously published or written by another person, except where due reference is made in 
the text. 
 
Amanda Edworthy 
1 July 2017 
 
 
  
iii 
ACKNOWLEDGMENTS 
Thanks to my supervisors Rob Heinsohn, Naomi Langmore, and Sam Banks for 
their advice and support. Throughout 24 months of fieldwork, I had many excellent field 
assistants including Beth MacDonald, Javier Cotin, Meagan Grabowski, Kelsie Hardman, 
Coralie Tate, Anna Phillips, Charlie Governali, Marika van der Pol, George Cummins, 
James Edworthy, Sam Case, Lachlan Wilmott, Marissa Buschow, Sean Macdonald, and 
Ryan Steiner. George Olah, Niccy Aitken, April Suen, and Laura Wilson provided training 
and advice on lab techniques. Dejan Stojanovic taught me to climb a tree and prepare a 
wallaby. 
The community at Bruny Island and Tinderbox Peninsula welcomed my field crew 
and myself into their homes for dinner, onto their land to catch birds, and occasionally 
provided roadside assistance. Thanks especially to Brendan and Marlene Schmidt, Marg and 
Bob Graeme, Chris and Ray, Veronica and Jerry, Fraser and Karen Petrie, Jo Dennes, and 
Vicki Sandford. John Tolhurst, Allison Hall, Margaret Vandenberg, and Maria Island 
National Park provided beautiful places for us to live on Bruny and Maria Islands. Phil Wise 
and the Tasmanian Devil crew were our campsite neighbours at Maria Island, and shared hot 
food, conversation, and devil trapping tours with the bedraggled pardalote crew.  
The Bruny Island Environmental Network, Tonia Cochrane from Inala, and 
Murrayfield Farm were all instrumental in creating a nest box program sponsorship program. 
The Bruny Island Men’s Shed, Ashley Eriksmoen, and ANU furniture workshop students of 
2013 designed and built nest boxes for this project. Matt Webb put up the 100 previously 
established nest boxes used in this study. Mark Holdsworth and Barry Baker helped with 
banding permits.
  
iv 
Thanks to the EEG grad students and postdocs for their friendship and shared 
takeout/microwave dinners during the Canberran winters. Chris Ledger and Geoff Alves 
opened their home to me while I was writing this thesis in Canberra. Finally, thanks to my 
family for relinquishing me to Australia for four years, and flying out from Canada to give 
me a hand with fieldwork in Tasmania. 
I was supported by an Australian Postgraduate Award and International 
Postgraduate Research Scholarship. Research funding came from the Australian National 
University Research School of Biology, and grants from Birdlife Australia (Emu-Austral 
Ornithology Award, Professor Allen Keast Student Research Award, Stuart Leslie Bird 
Research), the Paddy Pallin Foundation (Terrestrial Conservation Grant), the Australian 
Academy of Science (Margaret Middleton Fund for Endangered Australian Vertebrates), the 
Ecological Society of Australia (Jill Landsberg Trust Fund Scholarship), Sigma Xi Scientific 
Research Society (Grant-in-aid of research), the Australian Wildlife Society, the Natural 
Science and Engineering Council of Canada, and the Holsworth Wildlife Research Fund.   
  
v 
ABSTRACT 
The forty-spotted pardalote (Pardalotus quadragintus) is an endangered songbird 
endemic to eastern Tasmania. These birds specialize on forests containing Eucalyptus 
viminalis (white gum tree) for foraging, and require tree cavities for nesting. They have 
experienced both historical range contraction following European settlement and recent 
population decline within existing habitat. Causes of this decline are uncertain. Ecological 
theory predicts that habitat specialists will be most vulnerable to habitat loss, rather than 
factors that disrupt the balance of fecundity and mortality. However, cavity-nesting birds 
tend to invest heavily in individual nest attempts, and as a result, may be vulnerable to 
competitors, predators, or parasites which attack the nest. To examine current threats to 
forty-spotted pardalotes, I conducted three seasons of fieldwork in southeastern Tasmania, 
monitoring the breeding biology of forty-spotted pardalotes and their generalist competitors, 
striated pardalotes (Pardalotus striatus). I also collected blood samples from forty-spotted 
pardalotes to examine their population structure and demographic history. A model 
presentation experiment and observations of nest takeovers revealed that striated pardalotes 
were the dominant competitor and usurped 10% of forty-spotted pardalote nests, whereas 
forty-spotted pardalotes never usurped striated pardalotes. However, the largest source of 
nest failure was a native ectoparasitic fly (Passeromyia longicornis) which killed 81% of 
nestlings. Encouragingly, I found that forty-spotted pardalotes occupied nest boxes, resulting 
in high breeding densities and similar nest success compared to natural cavities. Finally, I 
developed a dataset of 57,868 SNPs from 159 individual birds sampled throughout major 
populations in southeastern Tasmania. Despite its larger population size, Maria Island had 
the least genetic diversity of any population, and there was no evidence of migrants between 
it and the southern populations. There was little differentiation and substantial gene flow 
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between Bruny Island and the nearby mainland populations, as well as evidence of ancestry 
from an extirpated mainland population. This study shows that conservation of habitat 
specialists needs to include protection of habitat features such as tree cavities and the extent 
of E. viminalis forest, but also needs to address threats within existing habitat, such as nest 
parasites. My finding that a native fly parasite is the principal source of mortality in forty-
spotted pardalote nestlings adds to growing concern about the increasing impacts of avian 
ectoparasites on their hosts in island systems.  
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CHAPTER 1. INTRODUCTION 
Globally, 381 bird species are listed as endangered or critically endangered (IUCN 
2015). Major threats to bird biodiversity include habitat loss and degradation, human 
persecution, and invasive species (Bibby 1994, Caughley 1994, Green, 1994). A mechanistic 
understanding of the risk factors and process of extinction is needed to inform management 
strategies, and this has been a main focus of conservation biology (Simberloff 1986, 
MacArthur & Wilson 1967; Pimm et al. 1988). Species extinction often involves two phases: 
an initial range contraction and decline driven by external threats such as those listed above, 
and the final extinction event driven by inbreeding, genetic drift, and environmental or 
demographic stochastisicity (Soulé 1983, Simberloff 1986, Hedrick et al. 1996). Often, the 
initial spread of a threatening process results in range contraction to peripheral populations, 
which might otherwise be suboptimal habitat (Channell and Lomolino 2000). Thus, by the 
time a species is listed as endangered, there may be a long list of compounded threats, 
including the original causes of decline and risks associated with small populations. 
Management of endangered species needs to address both the immediate threats present in 
remant populations, as well as the causes of historical decline which may prevent re-
establishment of stable populations.  
The ecological characteristics of a species help to predict extinction risk factors and 
provide a good starting point for conservation research programs (Owens and Bennet 2000). 
Bird species that specialize on one or a few key resources, such as nest hollows or a high-
energy food source, may be more sensitive to environmental change than generalist species 
and are over-represented amongst threatened species worldwide (Clavel et al. 2010). While 
generalists can shift their habitat use patterns, the persistence and abundance of specialists is 
  
3 
closely tied to the health of an ecosystem (Graul & Miller 1984). Habitat specialists often 
become restricted to small, fragmented areas, and inbreeding depression as well as 
environmental and demographic stochasticity can drive the final stages of population decline 
(Lande 1993, O’Grady et al. 2006). Ecological theory predicts that habitat specialists will be 
most vulnerable to habitat loss, rather than factors that disrupt the balance of fecundity and 
mortality (Owens and Bennett 2000). However, each species has unique traits and ecological 
circumstances which may alter this prediction.  
For example, cavity-nesting birds tend to invest heavily in individual nest attempts, 
and as a result, may be vulnerable to competitors, predators, or parasites, which attack the 
nest (Wiebe et al. 2006). Populations of cavity-nesting birds are often limited by the 
availability of tree cavities in managed forests, and competition for nest hollows with a 
larger or more aggressive species can eliminate the chance to breed at all (Brazill-Boast et al. 
2011). In Tasmania, Australia, the endangered swift parrot, a nectar-specialist and hollow-
nesting bird, is on a trajectory toward extinction within the next four generations because of 
high predation rates by an introduced nest predator, the sugar glider (Petaurus breviceps) 
(Heinsohn et al. 2015). In the Galapagos Islands, introduced fly parasites have contributed to 
declines of several Darwin’s finch species, including another habitat specialist, the 
mangrove finch (Camarhynchus heliobates) (Fessl et al. 2010, Dvorak et al. 2012). Habitat 
loss, competition, predation, and parasitism can all affect endangered species, but it is 
important to assess the relative impacts of these factors to best target conservation efforts. 
The forty-spotted pardalote (Pardalotus quadragintus) is a small forest songbird, 
endemic to eastern Tasmania, Australia (Higgins and Peter 1992). These birds specialise on 
tree hollows for nesting (and occasionally use ground burrows), and forage primarily in 
white gum foliage (Eucalyptus viminalis), eating insects and sugary exudates produced by 
white gums in response to insects (Woinarski and Rounsevell 1983, Woinarski and Bulman 
1985, Case and Edworthy 2016). Like many habitat specialists, forty-spotted pardalotes are 
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vulnerable to environmental change. They evolved to take advantage of the rich food 
sources provided by E. viminalis forests, and safe nest sites provided by tree hollows, but 
many of these resources were lost following European settlement. As a result, forty-spotted 
pardalotes have retreated from much of Tasmania’s eastern forests to the surrounding 
islands—Maria, Bruny, and Flinders—as well as a few isolated mainland patches in the 
southeast (Rounsevell and Woinarski 1983, Brown 1986). Although their distribution and 
population have been small for decades, forty-spotted pardalotes were thought to be safe, 
with nearly two-thirds of their remaining habitat protected by reserves (Bryant 2010). 
However, in 2008 biologists noticed a lack of forty-spotted pardalotes in remaining habitat 
(M. Webb, pers. comm.). An alarming 60% decline in forty-spotted abundance since the 
previous survey 13 years earlier was found in a survey spanning all known habitat patches in 
2009 and 2010, estimating the population at 1,500 birds (Bryant 2010). The cause of such 
sharp decline within existing habitat is uncertain, but proposed threats to forty-spotted 
pardalotes include habitat loss, introduced predators, limited nest hollow availability, 
competition with striated pardalotes for nest hollows, and inbreeding depression in small 
populations (Bryant 2010, Rounsevell and Woinarski 1983). The goal of this project was to 
investigate causes of decline in forty-spotted pardalotes, with focus on their breeding 
biology. 
To breed, pardalotes must first acquire a suitable nest hollow. Many species of 
secondary hollow-nesting birds (those that cannot excavate hollows and rely on existing 
hollows for nest sites) are limited in abundance by the availability of suitable nest hollows, 
particularly in managed forests (Newton 1994, Wiebe 2011). All remaining forty-spotted 
pardalote habitat is in second-growth (post-logging) forest and the young trees in these 
forests generally contain few hollows (Brown 1986). Thus, scarcity of nesting hollows may 
have been a factor in the decline of forty-spotted pardalotes, and may currently limit their 
populations. Even where suitable tree hollows do exist, there is intense competition for the 
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best quality nesting sites (Woinarski and Rounsevell 1983). Early in each season I observed 
forty-spotted pardalotes aggressively defending their nest sites and frequently chasing off 
striated pardalotes (Pardalotus striatus). Striated pardalotes were nevertheless able to usurp 
forty-spotted hollows, occasionally puncturing and removing their eggs. Chapter 2 reports 
nest takeover rates and interspecific aggression between forty-spotted and striated pardalotes. 
This study was the first to regularly look inside forty-spotted pardalote nests. As I 
found that nestlings were disappearing within a week of hatching, I installed motion-sensor 
camera traps at nest cavity entrances. The cameras captured 200,000 images of birds and 
leaves—but no predators. Switching tactics, I looked more closely within the nest, and found 
parasitic fly larvae (Passeromyia longicornis) living under the skin of nestlings, feeding on 
their blood. Chapter 3 of this thesis provides the first description of the hosts, prevalence and 
larval life cycle of Passeromyia longicornis.  
Passeromyia longicornis is endemic to Tasmania (Pont 1974), and native parasites 
typically have a small to moderate mortality impact on their hosts (Møller et al. 2009). 
However, they can become a threat to their hosts when their abundance increases due to 
changing environmental conditions—or when the host species already faces other pressures 
compromising their immune system (Kutz et al. 2005, Bustnes et al. 2006, Dudaniec et al. 
2007, Antoniazzi et al. 2011). To assess the impact of P. longicornis on pardalotes, I 
examined nestling mortality in relation to parasite load in 2013 and 2014. In 2014, I used an 
insecticide to eliminate almost all parasites from treated nests. Chapter 4 reports the results 
of this parasite removal experiment on nestling mortality in forty-spotted pardalotes, and 
compares virulence between forty-spotted and sympatric striated pardalotes. 
Chapter 6 takes a broader perspective, using genetics to examine genetic diversity, 
gene flow among populations, and spatial structuring in forty-spotted pardalote populations 
throughout southeastern Tasmania. Measures of genetic diversity enable us to determine 
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which island and remnant mainland populations of forty-spotted pardalotes are at greatest 
risk of inbreeding depression and extinction. 
In many areas of the world, artificial nest boxes have been crucial in reversing 
declines of hollow-nesting birds (e.g., Libois et al. 2012, Brazill-Boast et al. 2013). Nest 
boxes are a cheap and fast way of restoring the natural availability of nest cavities. In 2008, 
biologist Matt Webb installed 100 nest boxes on Bruny Island. None were used during their 
first year, but when I began my research in 2012, 28% of them were occupied by forty-
spotted pardalotes (n = 18 of 68 boxes) and furthermore, sites with these boxes had the 
greatest density of breeding pairs. In July 2013 (winter), I installed an additional 153 nest 
boxes at 9 of 20 patches, intending to test whether hollow availability limits pardalote 
populations, but only 2% of these were occupied by forty-spotted pardalotes due to a lag 
time between installation and use. Chapter 6 examines the effects of nest boxes on forty-
spotted pardalote breeding density and reproductive success.  
The results of this thesis reveal several new conservation concerns for forty-spotted 
pardalotes, and also point to management strategies. Chapter 7 concludes with discussion of 
conservation implications and directions for future research. 
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ABSTRACT
The Forty-spotted Pardalote (Pardalotus quadragintus) is an endangered songbird with specialized habitat
requirements, including Eucalyptus viminalis trees for foraging and tree cavities for nesting. The species was originally
distributed throughout eastern Tasmania, Australia, but habitat loss and fragmentation resulted in the contraction of
its range to just 3 islands and several remnant mainland patches, primarily in the southeast of the state. The species’
remaining habitat is exclusively second-growth forest, with reduced nest-cavity availability, and it competes for cavities
with a common generalist, the Striated Pardalote (Pardalotus substriatus). This study documents the frequency of
cavity takeover across the major populations of Forty-spotted Pardalotes on Maria Island, Bruny Island, and mainland
Tasmania. Additionally, the intensity of interspecific aggression by pardalotes toward conspecific and heterospecific
competitors at nest sites was assessed using a model presentation experiment. Striated Pardalotes usurped ~10% of
Forty-spotted Pardalote nest sites across all study areas, and up to 17% of cavities within a single region (mainland
Tasmania). Conversely, Forty-spotted Pardalotes never usurped Striated Pardalote nests. Most takeovers (79%)
occurred during the nest-building stage, although Striated Pardalotes removed or crushed Forty-spotted Pardalote
eggs in 21% of takeovers (4 nests). However, there was no change in nest defense aggression across nest stages.
Striated Pardalotes displayed equal aggression toward conspecific and heterospecific models, whereas Forty-spotted
Pardalotes were more aggressive toward conspecifics. These results show that Striated Pardalotes are the dominant
competitor for nest cavities, and reduce the breeding success of Forty-spotted Pardalotes by usurping their nest sites.
Nest boxes are a promising option for restoring the availability of nest sites for Forty-spotted Pardalotes, but given the
competition from Striated Pardalotes for nest sites, nest-box placement should take advantage of species differences
in nest-site selection to minimize conflict.
Keywords: interspecific aggression, competition, cavity-nesting bird, pardalote, nest defense, endangered species,
tree cavities, tree hollows
Competencia y agresio´n por cavidades para anidacio´n entre Pardalotus striatus y la especie amenazada
Pardalotus quadragintus
RESUMEN
Pardalotus quadragintus es un ave amenazada con requerimientos de ha´bitat especializados, que incluyen a´rboles de
Eucalyptus viminalis que proveen alimento y cavidades para anidacio´n. Originalmente la especie estaba distribuida a
trave´s del este de Tasmania, Australia, pero la pe´rdida del ha´bitat y la fragmentacio´n resultaron en la contraccio´n de su
distribucio´n a so´lo tres islas y varios parches remanentes en el continente, principalmente en el sureste del estado. El
ha´bitat restante es exclusivamente bosque secundario con disponibilidad reducida de cavidades para la anidacio´n y P.
quadragintus compite por las cavidades con la especie generalista P. striatus. Este estudio documenta la frecuencia de
adquisicio´n de cavidades a trave´s de las poblaciones principales de P. quadragintus en isla Bruny, isla Maria y la isla
principal de Tasmania. Adema´s, se evaluo´ la intensidad de las agresiones interespecı´ficas de las dos especies de
Pardalotus hacia competidores coespecı´ficos y heteroespecı´ficos en los sitios de anidacio´n usando un experimento de
presentacio´n de modelos. P. striatus usurpo´ 9.7% de los sitios de anidacio´n de P. quadragintus a trave´s de las a´reas de
estudio y hasta 16.7% de las cavidades en una sola regio´n (isla principal de Tasmania). Por el contrario, P. quadragintus
nunca usurpo´ los nidos de P. striatus. La mayorı´a de las adquisiciones ocurrieron durante la etapa de construccio´n de
los nidos, aunque P. striatus removio´ o aplasto´ los huevos de P. quadragintus en 21% de las adquisiciones (4 nidos). Sin
embargo, no hubo cambio en las agresiones de defensa de los nidos a trave´s de sus etapas. P. striatus mostro´
agresividad similar hacia modelos coespecı´ficos y heteroespecı´ficos, mientras que P. quadragintus fue ma´s agresivo
hacia los coespecı´ficos. Estos resultados muestran que P. striatus es el competidor dominante por las cavidades para
anidacio´n y reduce el e´xito reproductivo de P. quadragintus al usurpar sus sitios de anidacio´n. Los nidos artificiales son
una opcio´n prometedora para restaurar la disponibilidad de sitios de anidacio´n para P. quadragintus, pero dada la
Q 2016 Cooper Ornithological Society. ISSN 0010-5422, electronic ISSN 1938-5129
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competencia con P. striatus por los sitios de anidacio´n, la ubicacio´n de los nidos deberı´a tener en cuenta las diferencias
entre ambas especies en la seleccio´n de los sitios de anidacio´n para minimizar el conflicto.
Palabras clave: agresio´n interespecı´fica, ave anidante de cavidades, cavidades en a´rboles, competencia, defensa
del nido, especie amenazada, huecos en a´rboles.
INTRODUCTION
The Forty-spotted Pardalote (Pardalotus quadragintus) is
an endangered songbird found in forests and woodlands of
eastern Tasmania, Australia, where it is currently experi-
encing unexplained decline within existing habitat. These
birds are specialists of Eucalyptus viminalis (white gum
trees). They rely strongly on manna, a sugary exudate of E.
viminalis foliage, for food.Within E. viminalis habitat, they
also usually use tree cavities for nesting (Woinarski and
Rounsevell 1983). Historically, Forty-spotted Pardalotes
were found throughout eastern Tasmania, but their
distribution contracted with forest clearing and fragmen-
tation following European settlement. Currently, they are
limited to an area ,4,500 ha in size, with major
populations in southeastern Tasmania on Maria Island
(~1,000 individuals), Bruny Island (~500 individuals), and
mainland Tasmania on Tinderbox Peninsula near Bruny
Island (,100 individuals), as well as a small population in
the northeast on Flinders Island (Bryant 2010). Although
much of their habitat is protected, within the past 18 yr
their population has declined by 60%, to ~1,500 birds
(Bryant 2010). Remaining Forty-spotted Pardalote habitat
is exclusively second-growth forest, which typically has
limited nest-cavity availability (Newton 1994, Wiebe 2011).
Strong competition for cavities often arises in cavity-
limited systems (Heinsohn et al. 2003, Dhondt 2011), and
competition with Striated Pardalotes (Pardalotus substria-
tus) is a potential threat to Forty-spotted Pardalotes
(Woinarski and Rounsevell 1983).
Competition for nest cavities is common within
communities of cavity-nesting birds (Martin and Eadie
1999, Dhondt 2011). The combination of limited cavity
availability and strong selection pressure toward predator-
safe cavities (e.g., those with small entrances, deep
chambers, and high above the ground) results in direct
competition for high-quality cavities (Nilsson 1984,
Newton 1994). Although competition often excludes
weaker species or individuals from high-quality resources,
sustained competition for nest cavities is relatively
common among closely matched cavity-nesting birds
(Martin et al. 2004, Dhondt 2011). Weaker competitors
for nest cavities may be forced to use poor-quality cavities
(Kempanaers and Dhondt 1991), be prevented from
acquiring a cavity (Dhondt and Adriaenson 1999), have
their cavities usurped (Brazill-Boast et al. 2011), or may
even be killed in conflict (Merila¨ and Wiggins 1995). These
impacts can have population-level consequences, and
competition for nest sites is a major threat to some
endangered birds (Minot and Perrins 1986, Cade and
Temple 1995, Cooper et al. 2007).
In competitive interactions, larger species usually
dominate because body size is related to strength,
weaponry, and cost of conflict (Persson 1985, Jennions
and Backwell 1996). But in closely matched competitors,
size differences may be overcome by aggressiveness,
residency advantage, or shifts in the value of the resource
to either competitor caused by parental investment or the
difficulty of evicting eggs or nestlings (Slagsvold 1975,
1978, Gowaty 1981, Krist 2004). For example, Ingold
(1998) found that an aggressive species, the European
Starling (Sturnus vulgaris; 60–96 g), was able to evict a
species twice its size, the Northern Flicker (Colaptes
auratus; 110–160 g), from 27 of 40 nests at a site in Ohio,
USA. For several cavity-nesting birds, the nest-building
and egg-laying stages experience the highest takeover rates
compared with later stages (Slagsvold 1975, Knight and
Temple 1986). Possibly, the presence of nestlings compli-
cates nest takeover because of the need for intruders to
eject or build over the top of moving nestlings, which
creates a strong discrepancy in the value of the resource
between competitors (Krist 2004). Thus, the nesting stage
may influence vulnerability to takeover for some species.
Striated Pardalotes (13.6 6 0.7 g [SD]) compete with
Forty-spotted Pardalotes (11.2 6 1.2 g) for both nest sites
and food (Rounsevell and Woinarski 1983, A. B. Edworthy
personal observation). In contrast to Forty-spotted Parda-
lotes, Striated Pardalotes are common generalists, distrib-
uted throughout much of Australia (Woinarski and
Bulman 1985, Birdlife International 2012). Woinarski and
Bulman (1985) found that Forty-spotted Pardalotes were
more frequently the aggressor in competitive interactions
within their foraging territories, and concluded that Forty-
spotted Pardalotes were dominant over Striated Parda-
lotes. However, I observed Striated Pardalotes (Striateds)
evicting Forty-spotted Pardalotes (Forty-spotteds) from
nest cavities. Because nest cavities are a discrete, limited
resource, the outcome of contests for this resource can be
easily assessed and offers the opportunity to assess
dominance between pardalote species more clearly. The
2 species compete for similar cavities, though Striateds
more frequently use cavities in living wood, which provide
a more stable microclimate than those in dead wood, and
Forty-spotteds are more likely to use cavities with
entrances inclined above the vertical, which increases their
exposure to rain (Woinarski and Bulman 1985, Wiebe
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2001). Both species are socially monogamous, raise 1–2
broods per year, and primarily nest in tree cavities (or nest
boxes), but occasionally use ground burrows (Higgins and
Peter 2002). Conflict for nest cavities (Figure 1A) arises
during the beginning of the breeding season in mid-
August and can last through to early December when the
last of the Striateds initiate breeding (A. B. Edworthy
personal observation). Intruding Striateds inspect a cavity,
perch at the entrance (or sit on top of the box), and
sometimes call (Figure 1B). Forty-spotteds defend their
nests by chasing off intruders repeatedly, with both
members of the pair involved in nest and territory defense.
Both conspecific and heterospecific conflict occur, and
may result in energy loss, delayed breeding, nest takeover,
and loss of eggs (Figure 1C). Forty-spotteds are resident in
Tasmania and initiate breeding up to 3 weeks earlier than
Striateds, which are at least partially migratory (Woinarski
and Bulman 1985, Higgins and Peter 2002). As a result,
competition from Striateds often occurs after Forty-
spotteds have established nests, and the influence of
breeding stage on competitive interactions may have
important consequences for Forty-spotted Pardalote pop-
ulations.
I use a 2-yr study of pardalote breeding biology to
investigate the intensity and impact of interspecific
competition for nest cavities on Forty-spotted Pardalotes.
Study sites were selected in areas containing the 2 major
island populations and largest remaining mainland Tas-
manian population of Forty-spotted Pardalotes, and thus
allow assessment of competition as a threat across much of
their distribution. In this paper, I: (1) report the frequency
and timing of Forty-spotted Pardalote nest takeovers by
Striated Pardalotes, (2) use a model presentation experi-
ment to investigate relative levels of nest-defense aggres-
sion by Forty-spotted and Striated pardalotes in response
to heterospecific and conspecific competitors, and (3) test
whether nest defense by pardalotes increases during the
egg and nestling periods.
METHODS
Study Sites
I conducted fieldwork in dry coastal forests and woodlands
of Maria Island (5 patches, 2–19 ha; 42.658S, 148.058E),
Bruny Island (8 patches, 4–15 ha; 43.108S, 147.368E), and
Tinderbox Peninsula (4 patches, 5–20 ha; 43.048S,
147.328E), Tasmania, Australia. Patches were sections of
forest containing Eucalyptus viminalis trees, surrounded
by either native forest or cleared farmland. Some patches
were dominated by E. viminalis, while others contained a
mix of E. viminalis, E. pulchella, E. globulus, E. obliqua, E.
ovata, and E. amygdalina trees (Table 1, Figure 2). For this
FIGURE 1. Examples and consequences of competition for nest cavities between Forty-spotted and Striated pardalotes in
southeastern Tasmania, Australia, 2013–2015. (A) Forty-spotted Pardalotes in aerial combat on Bruny Island, Tasmania, Australia
(Photo credit: Alfred Schulte). (B) Striated Pardalote defending a recently usurped Forty-spotted Pardalote nest cavity (Photo credit:
Mick Brown). (C) Forty-spotted Pardalote eggs punctured and removed from a cavity by Striated Pardalotes (Photo credit: Amanda
Edworthy).
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study, patches were grouped into sites, which reflected
their geographical proximity and forest type (Table 1).
There were 2 sites on Maria Island: Isthmus, a single patch
of E. viminalis–dominated forest; and North Maria Island,
composed of 4 patches of mixed forest in the north of the
island. There were 2 sites on Bruny Island: Waterview Hill,
composed of 2 patches of E. viminalis–dominated forest
on opposite sides of Waterview Hill; and Murrayfield,
composed of 5 patches of mixed forest on Murrayfield
Farm. Finally, there were 2 sites on mainland Tasmania:
Howden, a single patch of E. viminalis within the Peter
Murrell Nature Reserve, at the base of Tinderbox
Peninsula; and Tinderbox Ridge, a string of small clumps
or individual E. viminalis trees spread across the length of
the ridge. Bruny Island and Tinderbox Peninsula are
separated by a 1.4-km channel, and Forty-spotted Parda-
lotes may disperse from the larger population on Bruny
Island to Tinderbox Peninsula, which supports 1 of the 2
remaining mainland Tasmanian populations. Maria Island
is 65 km NE of Bruny Island, and separated from mainland
Tasmania by a 4-km channel. Sixty percent of Forty-
spotted Pardalote habitat is protected in reserves, includ-
ing Maria Island National Park, which protects the whole
of Maria Island; 2 state reserves on Tinderbox Peninsula,
including the Howden study site (Peter Murrell Nature
Reserve) and Magazine Reserve on Tinderbox Ridge; and
Pierson’s Point, a municipal reserve at the tip of Tinderbox
Peninsula (Kingborough Council; Bryant 2010). On Bruny
Island, the Murrayfield sites are the property of the
TABLE 1. Summary of site characteristics, number of pairs located at each site, and number of takeovers per nesting attempt
(including only attempts that were monitored starting before eggs were laid) of Forty-spotted and Striated pardalotes in
southeastern Tasmania, Australia, 2013–2015. Forest types included ‘‘viminalis,’’ which was dominated by Eucalyptus viminalis (white
gum trees), the main forage tree for Forty-spotted Pardalotes, and ‘‘mixed,’’ which included a mix of Eucalyptus tree species including
E. viminalis, E. globulus, E. pulchella, E. obliqua, E. amygdalina, and/or E. ovata. Striated Pardalotes were the usurpers in all Forty-
spotted Pardalote nest takeover events, except for a single takeover at Maria Island Isthmus by Tree Martins (not shown).
Forty-spotted Pardalote Striated Pardalote
Site grouping (area [ha])
Forest
type
No. pairs
2013
No. pairs
2014
No. attempts
(attempts in
nest boxes)
No. takeovers
(% of attempts)
No. pairs
2013
No. pairs
2014
No. attempts
(attempts in
nest boxes)
No.
takeovers
Maria Island
Isthmus (17) Viminalis 19 16 43 0 (0%) 1 0 1 0
North (19) Mixed 7 9 27 0 (0%) 5 7 7 0
Total 26 15 70 0 (0%) 6 7 8 0
Bruny Island
Waterview Hill (25) Viminalis 30 31 88 (78) 15 (17%) 21 24 61 (60) 0
Murrayfield (29) Mixed 6 16 19 (2) 1 (5%) 5 9 8 (4) 0
Total 36 47 107 (80) 16 (15%) 26 33 69 (64) 0
Tinderbox Peninsula (mainland Tasmania)
Howden (17) Viminalis 1 2 2 0 (0%) 5 5 6 0
Tinderbox Ridge (40) Mixed 13 9 16 (2) 3 (18%) 12 7 8 (1) 0
Total 14 11 18 (2) 3 (17%) 17 12 14 (1) 0
Grand total 76 73 195 (82) 19 (10%) 49 52 91 (65) 0
FIGURE 2. Habitat in southeastern Tasmania, Australia, at (A) the
Isthmus site on Maria Island, dominated by Eucalyptus viminalis
(Photo credit: Amanda Edworthy), and (B) a Murrayfield patch
on Bruny Island, composed of mixed Eucalyptus species (Photo
credit: Linda Edworthy).
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Indigenous Land Corporation, and the Waterview sites are
privately owned.
Both pardalote species were common in the study sites.
Although these species occasionally nest in ground
burrows, only 3 Striated Pardalote pairs nested in burrows,
with all other nests in natural tree cavities or nest boxes
(Table 1). Most nests in boxes were in the Waterview Hill
study site, where 100 nest boxes were installed in 2008
(Table 1). However, there were also 2 existing nest boxes
on Tinderbox Peninsula, 1 of which was used. In July 2013,
I installed an additional 153 boxes (46 on Maria Island, 51
on Bruny Island, and 56 on mainland Tasmania), but the
time lag for box uptake by pardalotes is .2 yr. Only 8 of
these new boxes were used by pardalotes, all within a
single patch in the Murrayfield site.
Nest Monitoring for Breeding and Takeover Rates
I located nests of Forty-spotted and Striated pardalotes in
both nest boxes and natural cavities by searching potential
nest sites and by following birds to their cavities during
August to January in 2013–2015. To provide an estimate of
pardalote breeding density at each site, I report all pairs
located, regardless of whether they were found early
enough in the nesting cycle (prelaying) to use in the
takeover analysis (Table 1). However, the number of
Striated Pardalotes was likely underestimated in the
Murrayfield, Howden, and Tinderbox Ridge sites due to
large site areas and lower search effort for Striated
Pardalote nests.
To assess nesting stage, identity of adult birds defending
the nest, and interactions between Forty-spotted and
Striated pardalotes at nest sites, nests were monitored every
4 days using ladders for cavities and nest boxes up to 7 m
high, climbing ropes for cavities up to 30 m high, or
behavioral observations from the ground for inaccessible
cavities. Where possible, nest contents were inspected using
a video camera on a flexible stalk (Burrowcam; Faunatech,
Mount Taylor, Victoria, Australia). Nest takeovers were
defined as cases in which: (1) a nest site was occupied by a
pardalote pair (building, defending, laying, incubating, or
feeding nestlings); (2) aggressive interaction (e.g., chasing)
was observed between the resident pair and an intruder of a
different species; and (3) on subsequent checks, the intruder
species had ownership of the nest site (e.g., building,
defending, or laying). Forty-spotted Pardalotes were color-
banded to identify individuals; 124 of 156 pairs (79%) had at
least 1 banded member during the study. Because Forty-
spotted Pardalotes are socially monogamous during the
breeding season, I could generally distinguish between pairs.
Fourteen of the 20 pairs who had their cavities usurped had
at least 1 banded member, and I continued to monitor their
activity following takeover to determine whether they
renested elsewhere.
Model Presentation Experiment
I conducted a model presentation experiment to assess
relative levels of aggression toward heterospecific and
conspecific intruders by Forty-spotted Pardalotes (n ¼ 15
nests; 12 boxes and 3 natural cavities) and Striated
Pardalotes (n ¼ 16 nests; 15 boxes and 1 natural cavity).
At each nest I conducted 3 trials, presenting freeze-dried
specimens (‘‘dummies’’ or ‘‘models’’) of a Forty-spotted
Pardalote, a Striated Pardalote, and a noncompetitor
control. The models were perched in a life-like position
with wings folded. Intruding competitors typically land at
the cavity entrance, display (Striated only), and often call.
To approximate this behavior, at nest boxes I used a
telescoping pole to place the model (perched on a small
wire stand) on top of the box, and at natural cavities I
perched the model on a wire hanger and placed it within 1
m of the cavity entrance. To reduce the response of target
pairs to my presence, I placed the model while both
members of the pair were foraging away from the nest tree.
For conspecific and heterospecific models I used 2
specimens of each pardalote species, and for noncompet-
itor models I used 1 of either Grey Fantail (Rhipidura
albiscapa) or Silvereye (Zosterops lateralis), which are
open-cup nesters and forage in the understory. To
randomize trial order, I used the ‘‘sample’’ function in the
statistical program R, generating a random list of numbers
from 1 to 6 for the 6 possible trial orders, with each trial
order represented 2 or 3 times for both Forty-spotted and
Striated pardalote nests (blocked randomization; R Devel-
opment Core Team 2012). Subsequent trials were con-
ducted within 1–3 days of each other.
I started the trial when at least 1 member of the
resident pair returned to the nest tree. Trials ended after
10 min, or when the pardalotes pecked the model
repeatedly or knocked it to the ground. During each
trial, I estimated the distance of the resident birds to the
model and recorded their behavior, including: (1) no
response; (2) agitation: short hops and rapid wing
extensions; (3) aggressive approach: swoop toward or
hover at the model; (4) display: wings and tail fanned,
crest raised; and (5) contact: direct attack with feet or bill.
I could not consistently distinguish between sexes or
individuals because their bands were too small to see
during the experiment and both species lack obvious
sexual dimorphism, so I used the strongest response
(closest approach and most aggressive behavior) from
each pair for the analysis. The trials were conducted
within an 8-week period (September 28–November 18,
2013), using pairs that were nesting simultaneously in
different locations, so I was confident that each of the
pairs used in the experiment was unique; where possible,
this was confirmed by identification of color-banded
birds.
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Statistical Analysis
I used a linear mixed-effects model to estimate relative
aggression by Forty-spotted and Striated pardalotes toward
competitor dummies and across nest stages. All variables
of interest and their potential interactions were included in
a single model. Minimum distance of approach to the
competitor dummy was used as the measure of aggression
(response variable), and was transformed by (ln(xþ 1 cm))
to normalize the distribution. Fixed effects included
species of nest defender (Forty-spotted Pardalote or
Striated Pardalote), competitor dummy type (heterospe-
cific, conspecific, or noncompetitor [Grey Fantail or
Silvereye]), and nest stage (prelaying, or eggs or nestlings
present), as well as the 2-way interactions of species of nest
defender with competitor dummy type and nest stage, and
the 3-way interaction of species of nest defender,
competitor dummy type, and nest stage. The ‘‘prelaying’’
category included the period from the beginning of nest
building to the start of laying. Nest ID was included in the
model as a random effect to account for repeated sampling
of individual pairs (3 competitor dummies presented once
each per pair; Laird and Ware 1982). After log-transform-
ing the dependent variable, both the assumptions of
homogeneity of variance (Levene’s test: F ¼ 1.29, P ¼
0.24) and normality (Shapiro-Wilk test: W¼ 0.98, P¼ 0.30)
were met and verified by examining residual vs. fitted
values and Q-Q plots. Model fit was assessed using
marginal R2 to describe the proportion of variance
explained by the fixed factors alone, and conditional R2
to estimate the proportion of variance described by the
fixed and random effects together (Nakagawa and
Schielzeth 2013).
In addition to using the closest distance of approach to
the competitor dummy as a measure of aggression, I
calculated the frequency of the maximum level of
aggression displayed in each trial type, ordered from least
to most aggressive as (1) no response, (2) aggressive
approach, including swoop or hover, and (3) display or
contact. Display and contact were grouped together
because displays were used only by Striated Pardalotes,
and were a highly aggressive response (usually within 5–15
cm of the model). I used chi-square tests to assess
differences in the frequencies of responses to competitor
dummies between the 2 pardalote species. Values are
reported as mean 6 standard error (SE). All analyses were
done using R, including the nlme package (R Development
Core Team 2012, Pinheiro et al. 2013).
RESULTS
Frequency and Timing of Nest Takeovers
Striated Pardalotes usurped the nests of Forty-spotted
Pardalotes in 19 of 192 (~10%) nesting attempts (Table 1).
There were no cases of Forty-spotted Pardalotes taking
over Striated Pardalote nests (n¼ 91 nests). Takeover rates
were highest on mainland Tasmania (~17%, n¼ 18 nests)
and Bruny Island (~15%, n¼ 104 nests). On Maria Island,
there were no takeovers by Striated Pardalotes, but Tree
Martins (Petrochelidon nigricans) took over a single Forty-
spotted Pardalote nest (n ¼ 70 nests; Table 1). Eighty
percent of takeovers by Striated Pardalotes (and the single
takeover by a Tree Martin) took place while Forty-spotted
Pardalotes were nest building, prior to egg laying (16 of 20
takeovers); in the remaining 20% (4 cases), Striated
Pardalotes punctured and removed Forty-spotted Parda-
lote eggs (Figure 1C), or crushed eggs in the nest and then
removed shell fragments and replaced some of the nest
material. Four of the 14 banded Forty-spotted Pardalote
pairs (29%) that experienced takeovers by Striated
Pardalotes or Tree Martins nevertheless managed to breed
successfully in an earlier or later attempt within the same
breeding season. Five pairs had their nests usurped during
their second nesting attempt. Four of 14 pairs (29%) with
banded individuals renested in new locations: 2 pairs
moved from nest boxes into natural cavities nearby, 1 pair
moved between natural cavities, and the last pair moved
from one nest box to a second box on the same tree (2 of
these attempts were successful).
During all takeovers, I observed Forty-spotted Parda-
lotes chasing intruding Striated Pardalotes prior to
takeover. During 1 takeover, Striated and Forty-spotted
pardalotes were observed engaging in frequent chases and
displays (e.g., 20 chases hr#1) over a period of 2 days.
Model Presentation Experiment
The closest distance of approach to the competitor
dummy was influenced by both species of nest defender
and competitor type, but there was no effect of nest
stage (Table 2, Figures 3 and 4). The fixed effects
explained 22% of the variance (marginal R2 ¼ 0.221),
and, by taking pair ID into account as a random effect,
the full model explained 43% of the variation (condi-
tional R2 ¼ 0.433).
Striated Pardalotes approached to within similar dis-
tances of heterospecific and conspecific competitor
dummies (0.05 6 0.03 m and 0.04 6 0.03 m, respectively;
F1,15 ¼ 0.02, P ¼ 0.88; Figure 3). Forty-spotted Pardalotes
approached conspecific models more closely than hetero-
specific dummies (0.01 6 0.00 m vs. 0.06 6 0.04 m; F1,14¼
6.86, P ¼ 0.02), which suggests that Striated Pardalotes
were seen as the more threatening opponent by Forty-
spotted Pardalotes (Figure 3). Noncompetitor controls
were not approached as closely as heterospecific (F1,26 ¼
5.48, P¼ 0.03) or conspecific dummies (F1,25¼ 28.30, P ,
0.001) by either species of defending pardalote (Figure 3).
The effect of nest stage was nonsignificant across species
and competitor dummy type, indicating no change in nest
defense aggression toward any competitor after eggs were
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laid for either Forty-spotted or Striated pardalotes (Table 2,
Figure 4).
Both Forty-spotted and Striated pardalotes made
contact with intruding competitor dummies by pecking
or grabbing with their claws, but only Striated Pardalotes
used displays (wings and tail fanned, crest raised), typically
within 5–15 cm of the model. Patterns in the most
aggressive behavior displayed mirrored patterns of aggres-
sion seen in closest approach distance: Striated Pardalotes
displayed or made contact with both conspecifics and
heterospecifics in the same percentage of trials (75%; n ¼
16 trials, v2 ¼ 0.00, P ¼ 1.00), whereas Forty-spotted
Pardalotes made contact more frequently with conspecifics
(87%) than with heterospecifics (40%; n ¼ 15 trials, v2 ¼
3.90, P¼ 0.048; Figure 5). Both Forty-spotted and Striated
pardalotes were less aggressive toward noncompetitor
dummies in their use of displays and/or contact (20% vs.
63%, respectively, in Forty-spotted Pardalotes [n¼15 trials,
v2 ¼ 7.52, P ¼ 0.006], and 19% vs. 75% in Striated
Pardalotes [n¼ 16 trials, v2¼ 13.71, P , 0.001]; Figure 5).
TABLE 2. Analysis of variance (ANOVA) results for a generalized
linear mixed-effects model predicting distance approached to
the competitor dummy (transformed by ln(xþ 1)) as a function
of species of nest defender (Forty-spotted Pardalote, n¼ 15; or
Striated Pardalote, n¼ 16), competitor dummy type (conspecific,
heterospecific, and noncompetitor control [Grey Fantail or
Silvereye]), nest stage (prelaying [n ¼ 33], or eggs or nestlings
present [n¼ 29]), and all relevant interactions for Forty-spotted
and Striated pardalotes in southeastern Tasmania, Australia,
2013. Nest ID was included in the model as a random factor to
account for repeated trials at individual nests. Bold font denotes
statistical significance (P , 0.05).
Model term df F P
Intercept 1 and 52 170.67 ,0.001
Species 1 and 29 0.04 0.84
Competitor type 2 and 52 11.09 ,0.001
Nest stage 1 and 52 1.60 0.21
Species*Competitor type 2 and 52 3.66 0.03
Species*Nest stage 1 and 52 0.01 0.93
Competitor type*Nest stage 2 and 52 1.19 0.31
Species*Competitor type
*Nest stage 2 and 52 0.16 0.85
FIGURE 3. Mean closest approach distance (m) of Forty-spotted
Pardalotes (light gray bars; n¼ 15 trials per model) and Striated
Pardalotes (dark gray bars; n¼16 trials per model) to competitor
dummies (heterospecific, conspecific, and noncompetitor con-
trol [Grey Fantail or Silvereye]) placed at nest sites in
southeastern Tasmania, Australia, 2013. Means were averaged
across nest stages (prelaying, eggs present, and nestlings
present). The means and standard errors (error bars) were
back-transformed from log-transformed values of approach
distance (ln(x þ 1 cm)). Smaller values of approach distance
(lower on the y-axis) were interpreted as higher levels of
aggression. Asterisks denote significant differences (P , 0.05)
between responses to competitor dummy types within each
species of nest defender.
FIGURE 4. Effects of nesting stage (prelaying [n¼ 33], or eggs or
nestlings present [n¼29]) on mean closest distance of approach
(m) by Forty-spotted and Striated pardalotes to competitor
dummies (set to heterospecific in this graph) placed at nest sites
in southeastern Tasmania, Australia, 2013. The means and
standard errors (error bars) were back-transformed from log-
transformed values of approach distance (ln(xþ 1 cm)). Smaller
values of approach distance (lower on the y-axis) were
interpreted as higher levels of aggression. The effect of nest
stage on approach distance was nonsignificant (F ¼ 1.60, P ¼
0.21), as was the interaction between species and nest stage (F¼
0.01, P¼ 0.93) and the 3-way interaction of species, nest stage,
and competitor type (F ¼ 0.16, P ¼ 0.85).
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DISCUSSION
The results of this study show that competition for nest
cavities reduces breeding opportunities for Forty-spotted
Pardalotes. Competition for cavities is an important factor
to consider in conservation management of the species.
Striated Pardalotes (Striateds) were the dominant compet-
itor for nest cavities, displaying greater aggression toward
heterospecifics than Forty-spotted Pardalotes (Forty-spot-
teds), and evicting ~10% of Forty-spotted breeding pairs
across all study sites. However, there was strong variation
in takeover rates among regions, with no usurpations on
Maria Island and high rates on Bruny Island and mainland
Tasmania. Takeovers had a substantial impact on Forty-
spotted breeding success. Sixteen of 20 pairs that had their
nests usurped produced no offspring for the year; just 4
pairs nested successfully in an earlier or subsequent
attempt in a new location. While these results show a
clear negative impact on Forty-spotted Pardalotes, the
impact of Forty-spotteds on Striated Pardalotes is uncer-
tain. If Striated usurpers save nest-building time and
energy by taking over Forty-spotted nests (both species
add and reuse nest material in cavities), then their
interaction might be kleptoparasitism rather than compe-
tition (Kappes 1997). However, probable costs to Striateds
include energy spent usurping Forty-spotted nests (e.g.,
frequent chases over up to 2 days), and likely reduced or
delayed access to cavities that are occupied early in the
breeding season by Forty-spotteds. These impacts are
forms of interference and exploitative competition, re-
spectively.
All remaining Forty-spotted Pardalote habitat is second-
growth forest, and limited cavity availability in these
forests may intensify competition for nest sites (e.g.,
Brazill-Boast et al. 2013). However, relative population
densities of the 2 pardalote species also appeared to have a
strong impact on takeover rates. Takeovers were most
frequent in the Bruny Island (where nests were in boxes
and natural cavities) and mainland Tasmania regions (all
nests in natural cavities, except 1), where Striateds usurped
~15–17% of nests. These areas had greater abundances of
Striated Pardalotes than Maria Island, where all nests were
in natural cavities and there were no takeovers by
Striateds. At the site level, Waterview, on Bruny Island,
had the highest frequency of takeovers (15 of 88 nesting
attempts) and also had the highest densities of both Forty-
spotted (1.20–1.24 pairs ha!1) and Striated pardalotes
(0.84–0.96 pairs ha!1). Waterview was also the only site in
which most nests were in boxes, and increased densities of
both species in response to nest boxes may have resulted in
increased competition. Further research is needed to
examine the interacting effects of relative population
densities, nest-site availability, and habitat quality on
competition. Nest box experiments that monitor breeding
density, nest success, and interspecific takeovers before
and after occupation of nest boxes, and across sites that
vary in forest type and cavity availability, are needed to
examine the effects of nest boxes on population density
and competition.
Striated Pardalotes displayed equally aggressive respons-
es toward both heterospecific and conspecific dummies,
suggesting that the perceived relative threat or risk of
conflict was similar between both competitor types.
Conversely, aggressive responses by Forty-spotted Parda-
lotes were weaker toward heterospecific dummies (40% of
trials involved contact, n ¼ 15) than toward conspecific
dummies (87% involved contact, n ¼ 16). I interpret the
weaker response of Forty-spotted Pardalotes toward
Striated Pardalotes as caution in the face of a relatively
threatening competitor. Alternatively, Striated Pardalotes
may present less risk to Forty-spotted Pardalotes (i.e.
Striated Pardalotes may not be a significant competitor for
nest sites, or may be easily deterred) and thus may require
less response. However, my observations of takeovers and
extensive interspecific chasing and displays centered on
nest cavities confirm that there is real contest between the
two pardalote species for nest sites. A similar study of
interspecific aggression between endangered Gouldian
Finches (Chloebia gouldiae) and Long-tailed Finches
(Poephila acuticauda) showed that the subordinate
Gouldian Finch was more reluctant to approach Long-
tailed Finch dummies than Gouldian Finch dummies
(Pearce et al. 2011). In this case, interspecific competition
resulted in reduced fledging rates and breeding density of
Gouldian Finches (Brazill-Boast et al. 2011, 2013).
FIGURE 5. Relative frequencies of the most aggressive behavior
displayed by Forty-spotted Pardalotes (n ¼ 15 trials per
competitor dummy type) and Striated Pardalotes (n ¼ 16 trials
per competitor) in response to presentations of 3 competitor
dummies (heterospecific, conspecific, and noncompetitor con-
trol [Grey Fantail or Silvereye]) placed at nest sites in
southeastern Tasmania, Australia, 2013. Circles represent fre-
quencies of zero.
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Although differences in competitive strength can result in
the exclusion of weaker competitors from high-quality
habitat (Kempenaers and Dhondt 1991, Robinson and
Terborgh 1995, Martin and Eadie 1999), sustained compe-
tition for cavity resources appears to be relatively common
among cavity-nesters with similar body sizes (e.g., Slagsvold
1975, Meek and Robertson 1994). Competitors for nest
cavities employ strategies to reduce the degree of compe-
tition or to change the balance of competitive strength
through subtle shifts in cavity selection (e.g., Robles and
Martin 2013) or early timing of breeding (Wiebe 2003). To
some extent, Forty-spotted Pardalotes appear to use lower-
quality cavities than Striated Pardalotes—for example, those
in dead rather than living wood—although the effects of
cavity characteristics on breeding success have not been
tested (Woinarski and Bulman 1985). As residents, Forty-
spotteds are also able to start breeding earlier than Striateds,
and they may defend their nests more aggressively with
greater investment into eggs and nestlings, or may gain a
residency advantage independent of nest defense aggression.
Seventy-nine percent of takeovers of Forty-spotted
Pardalote cavities by Striated Pardalotes (n ¼ 19) occurred
before the Forty-spotted Pardalotes started laying (during
the nest-building period or between nest-building and
laying). While some species are capable of usurping the
nests of their competitors at any stage of the nesting period
by removing or building over the top of eggs or nestlings
(e.g., HouseWrens [Troglodytes aedon]; Doherty and Grubb
2002), for many species the majority of takeovers appear to
occur before eggs are laid or during the laying period
(Slagsvold 1975). Forty-spotted Pardalotes start nesting
earlier on average than Striated Pardalotes, so differences in
takeover risk among nest stages may affect cavity acquisi-
tion at the population level in these species. Increasing
aggression across nest stages (e.g., due to increased parental
investment) is one possible explanation for the decreased
takeover rates following egg laying (Trivers 1972). However,
there was no change in nest-defense aggression by either
pardalote species after egg laying. Thus, the declining risk of
takeover was likely due to other factors related to residency
advantage. For example, the presence of eggs or nestlings
may increase the difficulty of takeover because of the need
to eject nest contents or build over the top of nestlings
(Krist 2004). Regardless of the mechanisms involved, early
onset of breeding seems to force Forty-spotted Pardalotes
into frequent conflict with Striated Pardalotes searching for
nest sites. It is uncertain whether Forty-spotteds benefit
from early cavity acquisition by successfully defending at
least some nest sites that would otherwise be claimed by
Striated Pardalotes, or whether they suffer high costs of nest
building and egg laying in cavities that will inevitably be
usurped.
Management of competitors for nest sites can be a key
conservation strategy for endangered cavity- and burrow-
nesting species (Cade and Temple 1995). Butchart et al.
(2006) found that, of 7 obligate cavity-nesters on the brink
of extinction during 1994–2004, 4 were likely saved
because of the control or removal of competitors for nest
sites, or the provision of nest boxes to reduce competition.
While removal of Striated Pardalotes is not an option
because they are native species, restoration of nest sites
through habitat protection and nest box addition is a
promising conservation strategy for Forty-spotted Parda-
lotes. Over multiple decades or centuries, regeneration of
mature, complex forests will help to restore the availability
of cavities with a range of characteristics to allow
partitioning of cavities among competitors (Lindenmayer
and Franklin 1997, Robles and Martin 2013). Over shorter
time periods, provision of nest boxes may alleviate
interspecific competition or create alternative nesting sites
for displaced pairs.
However, my results suggest that increased densities at
sites with nest boxes may also result in increased
interspecific competition. In some cases, increased com-
petition outweighs the benefits of nest boxes, and can have
negative effects on the breeding success of the target
species (e.g., Finch 1990). In the United States, the decline
of Bewick’s Wrens (Thryomanes bewickii) was linked to
increasing densities of House Wrens, which destroy
multiple nests of competitors in their territories, including
those with eggs or nestlings (Kennedy and White 1996).
Where nest boxes result in increased densities of
aggressive competitors such as House Wrens, the net
breeding success of their competitors may suffer (Finch
1990). But, unlike HouseWrens, Striated Pardalotes do not
destroy multiple nests of other species in their territories
and are not considered an unusually aggressive species.
Rather, the asymmetric tendency for Striateds to be the
usurpers is likely due in part to the earlier commencement
of breeding and occupation of nest sites by Forty-spotteds.
Nonetheless, it will be important to assess the net effects of
nest box addition on Forty-spotted Pardalotes, considering
the benefits of increased breeding density and nest success
relative to the costs of increased competition.
Nest-box addition has had a clearly positive effect for
many threatened cavity-nesting birds, and, in systems in
which cavity limitation motivates interspecific competi-
tion, we would expect nest-box addition to reduce
competition for cavities (e.g., Brazill-Boast et al. 2013).
However, given the possibility of increased competition
with increasing population densities, nest-box design and
placement should minimize competition by taking the
ecology and behavior of individual species into account
(Finch 1990). Distribution of boxes across mixed species
and Eucalyptus viminalis–dominated forests might allow
for greater habitat partitioning among pardalote species
(Woinarski and Rounsevell 1983). Fine-scale cavity-selec-
tion preferences such as height or entrance diameter can
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also be used to reduce competition for nest boxes
(Robertson and Rendell 1990, Aitken and Martin 2008).
A 6-mm difference in nest-box entrance diameter excludes
Eurasian Great Tits (Parus major) and allows access by
their subordinate competitors, Blue Tits (Cyanistes cae-
ruleus; Dhondt and Adriaensen 1999). Nest boxes
currently in use for pardalotes allow access by both species
(entrance diameter ¼ 28–30 mm), but smaller entrance
diameters may exclude Striated Pardalotes. Further
experiments are needed to assess the impacts of nest-box
design, entrance diameter, and forest context on densities
and competition between pardalote species.
In general, competition is an important factor to consider
in evaluating the effects of habitat management strategies
on pardalotes. But the impact of competition must also be
considered in the broader context of demographic rates and
other threats to Forty-spotted Pardalotes to determine its
relevance to their population trajectory.
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Avian hosts, prevalence and larval life history
of the ectoparasitic ﬂy Passeromyia longicornis
(Diptera :Muscidae) in south-eastern Tasmania
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Abstract. Blood-sucking ﬂy larvae are widespread parasites of nestling birds, but in many systems we lack knowledge of
their basic biology. This study reports the ﬁrst observation of an endemic Tasmanian ﬂy species, Passeromyia longicornis
(Diptera :Muscidae), parasitising the forty-spotted pardalote (Pardalotus quadragintus), another Tasmanian endemic.
Because the forty-spotted pardalote is an endangered and declining songbird, P. longicornis is a species of interest to
conservation biologists. Its larval form is an obligate, subcutaneous parasite of nestling birds, but before this study, therewere
just two published records of the species infesting avian hosts, and little known about its ecology or life cycle. This study
documented hosts, prevalence, and larval life history of P. longicornis by locating andmonitoring nests and ectoparasites of
the forest bird community in south-eastern Tasmania. I also reared P. longicornis larvae in captivity to determine the length
of the pupal stage in relationship to ambient temperature. Hosts of P. longicornis included forty-spotted pardalotes
(87% prevalence across nests), striated pardalotes (Pardalotus striatus) (88% prevalence), and New Holland honeyeaters
(Phylidonyris novaehollandiae) (11% prevalence). Both pardalote species were new host records. P. longicornis larvae
burrowedunder the skin of nestlingswhere theydeveloped for 4–7days, feeding onnestling blood.When fully grown, larvae
dropped into the surrounding nest material and formed pupae. Length of the pupal stage was 14–21 days, and declined with
increasing ambient temperature. Median parasite abundance was 15 larvae in infested forty-spotted pardalote nests and 11
larvae in infested striated pardalote nests.Nestlingmortalitywas frequently associatedwith ectoparasite presence. This study
provides the ﬁrst survey ofP. longicornis hosts, prevalence and life cycle, and shows that this species is likely amajor player
in the ecology of pardalotes, and possibly other forest bird species in Tasmania.
Additional keywords: ectoparasite, endangered species, hematophagous parasite, host–parasite relationship, myiasis,
parasitic ﬂy larvae, subcutaneous parasite, virulence.
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Introduction
Nestling birds are a vulnerable target for ectoparasitic ﬂy larvae
(Clayton et al. 2010). The nest environment provides a warm,
humid microclimate that is ideal for many ectoparasites (Heeb
et al. 2000), and nestling birds are captive hosts until they leave
the nest (Loye and Carroll 1995). Within the widespread family
Muscidae (houseﬂies), the genera Passeromyia and Philornis
include species whose larvae parasitise nestling birds by sucking
nestling blood externally, or by burrowing under skin or into
the body cavity to feed on blood and tissues (Couri and
Carvalho 2003). Their impacts on nestling birds include blood
loss, infection, slowed development, deformities lasting into
adulthood, and death (Whitworth and Bennett 1992; Dudaniec
and Kleindorfer 2006; O’Brien and Dawson 2008; Galligan and
Kleindorfer 2009). Despite their potentially strong impacts on
nestling birds, we know very little about the ecology and life
history of many dipteran bird-nest parasites.
In 2012, larvae of Passeromyia longicornis Macquart
(Diptera :Muscidae) were found parasitising nestlings of
endangered forty-spotted pardalotes (Pardalotus quadragintus)
in Tasmania, Australia (A. Edworthy, pers. obs.; BirdLife
International 2012). As a result, Passeromyia longicornis has
become a species of interest to wildlife managers. Passeromyia
is an Old World genus, and the only group of dipteran bird-
nest parasites found in Australia. Within this genus, only
P. longicornis is found in (and endemic to) Tasmania (Pont 1974;
Couri and Carvalho 2003). P. longicornis was originally
discovered and described in its adult form (Macquart 1851),
which is a free-livingﬂy. Its food sources as an adult are uncertain,
but may include rotting fruit and resin (Pont 1974). In its larval
form, P. longicornis is a subcutaneous parasite of nestling birds
(Green andMunday1971; Pont 1974).Despite its endemic status,
the hosts and prevalence of P. longicornis among Tasmanian
birds are unknown. Two previous records of P. longicornis
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parasitising nestling birds are from nests of an introduced house
sparrow (Passer domesticus) and a New Holland honeyeater
(Phylidonyris novaehollandiae) (Green and Munday 1971;
Green 1988). The Australian National Entomological Collection
holds 25 adult specimens and pupal casings collected from
Sidmouth, Tasmania, in the north of the state near Launceston
(collected by R. Mahon). There are also several accounts of
unidentiﬁed subcutaneous ﬂy larvae parasitising nestling birds,
including European goldﬁnches (Carduelis carduelis) in the
TasmanianMidlands at Antill Ponds (Green 1988), noisy miners
(Manorina melanocephala) in Bellerive near Hobart (Sharland
1923), and brown thornbills (Acanthiza pusilla) in Trevallyn
Nature Recreation Area near Launceston (C. Young, pers.
comm.). On the basis of photographs, written descriptions, and
the lack of other candidate species in Tasmania, all of these were
likelyP. longicornis. These records spanmuchof the north–south
range of eastern Tasmania, suggesting that P. longicornismay be
widespread throughout the dry sclerophyll forests andwoodlands
in this region.
Green (1988) documented P. longicornis as a subcutaneous
parasite of nestling New Holland honeyeaters, from a single
observation, and was unable to determine the behaviour of larvae
across all three instar stages (e.g. subcutaneous versus external
feeding), their primary food source (e.g. tissues versusﬂuids), and
their impacts on host nestlings. This study aims to provide a basic
understanding of its role in the ecology of Tasmanian forest bird
communities, as well as its larval and pupal life history. I focused
on forty-spotted pardalotes as hosts, primarily because of their
status as an endangered and declining species, but the study also
included striated pardalotes (Pardalotus striatus) and 10 other
forest bird species as potential hosts. My speciﬁc objectives were
to (1) identify hosts of P. longicornis in south-eastern Tasmania,
(2) quantify the prevalence of P. longicornis in identiﬁed hosts,
(3) describe the behaviour and life-history timing of the larval
and pupal stages of P. longicornis, and (4) report the effects of
P. longicornis on their hosts.
Materials and methods
Study sites
I conducted ﬁeldwork in south-eastern Tasmania at Maria Island
(ﬁve study plots, 2–19 ha; 42.65!S, 148.05!E), Bruny Island
(eight plots, 4–15 ha; 43.10!S, 147.36!E), and mainland
Tasmania at Tinderbox Peninsula (four plots, 5–20 ha; 43.04!S,
147.32!E), during three breeding seasons (August to January,
2012–15). Bruny Island and Tinderbox Peninsula are separated
by a 1.4-km channel, and Maria Island is 65 km north-east of
Bruny Island, separated from mainland Tasmania by a 4-km
channel. Sites were dry coastal forests and woodlands, which
were either dominated by Eucalyptus viminalis or included
a mix of E. viminalis, Eucalyptus pulchella, Eucalyptus
globulus, Eucalyptus obliqua, Eucalyptus ovata, and Eucalyptus
amygdalina trees. Maria Island sites were embedded in
continuous native forest, Bruny Island sites were patches of
forest surrounded by grazed pasture, and mainland sites were a
mix of continuous forest and patches surrounded by residential
or industrial development. All sites were previously logged,
regenerating forest. At two Bruny Island patches there were 50
pardalote nest boxes placed two per tree, and spaced at intervals
of 15–50m. At one mainland Tasmania patch there were two
nest boxes installed by local residents. Another 153 nest boxes
were installed throughout the study regions, but few of these
were occupied. See Edworthy (2016) for further description of
study sites.
Identiﬁcation of parasites and potential hosts
In November 2012, I collected three subcutaneous parasites
from two forty-spotted pardalote nestlings. These ﬂy larvae
were reared to adulthood and identiﬁed by Guy Westmore
(entomologist, Biosecurity Tasmania) using adult characteristics
following the key in Pont (1974). After the initial discovery of
P. longicornis infesting pardalotes during the 2012/13 breeding
season, I monitored nests for the presence of parasites during the
next two breeding seasons (August to January, 2013–15). Study
sites were systematically searched for nests of forty-spotted and
striated pardalotes by checking nest boxes and previously
occupied tree hollows, and by following birds to their nest sites.
Nests of all other forest bird species were located by ﬂushing
adults off their nest, or by observing nest-building or nestling-
provisioning behaviours. Nests of forty-spotted and striated
pardalotes were located in both nest boxes and natural hollows,
and all nest sites of other forest bird specieswere natural (i.e. open
cup, dome, or tree hollow). In addition to forty-spotted and
striated pardalotes, nesting bird species detected at the study sites
included New Holland honeyeater, brown thornbill, superb
fairy-wren (Malurus cyaneus), Tasmanian scrubwren (Sericornis
humilis), grey fantail (Rhipidura albiscapa), yellow-throated
honeyeater (Lichenostomus ﬂavicollis), dusky woodswallow
(Artamus cyanopterus), grey shrike thrush (Colluricincla
harmonica), green rosella (Platycercus caledonicus), and brush
bronzewing (Phaps elegans).
Host nest monitoring
I accessed nests in tree hollows or nest boxes with climbing ropes
or ladders. Open cup and dome nests were accessible from the
ground. For nests in boxes or open cups, I removed nestlings at
each check to inspect them for signs of parasites, which were
clearly visible under the skin (Fig. 1a). For nests in front-opening
nest boxes, I removed nestlings and felt inside the domed nest
for the presence of free-living larvae in the nest material. Both
pardalote species builddomednests at thebackof their boxeswith
narrow 3–4-cm tunnel entrances, making it difﬁcult to directly
observe activity in the nest cup. In 2013 I installed newnest boxes
that opened on top, enabling me to inspect the nest material for
the presence of parasite larvae and pupae without destroying the
nest; however, only three forty-spotted pardalotes and ﬁve
striated pardalote pairs used these boxes. For nests in natural
hollows, I was unable to remove nestlings, and these nests were
inspecting using a video camera on aﬂexible stalk (Burrowscope,
Faunatech Australia, Mount Taylor, Victoria, Australia).
I monitored nests every four days until nestlings failed or
ﬂedged. In Tasmania, the length of the nestling period was
26–32 days (median = 30 days) for forty-spotted pardalotes
and 23–27 days (median = 25 days) for striated pardalotes. I
assumed that nestlings ﬂedged if they survived to within four
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days of theirminimumnestling period, and therewas no evidence
of mortality (e.g., dead nestlings in the nest or box, destroyed
nest material, crushed eggs). Nestlings that died in the nest were
often left in the nest cup or near the front of the nest box, where
ants removed all tissue within a few days, leaving skeletons
behind. Thus, I was usually able to distinguish between ﬂedging
and failure. However, my results may underestimate mortality
if nestlings died and were removed from the nest by adult birds
during the last four days of the nestling period.
Collection and rearing of ﬂy larvae
In 2014 I collected 18 P. longicornis larvae from three forty-
spotted pardalote nestlings (in two nests), and seven striated
pardalote nestlings (in seven nests). Larvae were subcutaneous
butwere relatively easy toextractwhile theywere in theprocessof
emerging (a multihour process). When I found a larva emerging
during routine nest checks, I pulled it out of its host, which
allowed me to collect larvae while minimising my effect on the
system. Collected larvae were reared in plastic containers with a
bed ofwood shavings, and kept at ambient temperature at Dennes
Point, Bruny Island, within 10 km of the study sites. I checked
captive ﬂy larvae daily and recorded dates of their pupation and
emergence as adult ﬂies.
Statistical analysis
I used Pearson’s Chi-square test to assess differences in parasite
prevalence among forty-spotted pardalotes, striated pardalotes,
and the groupingof all other forest bird species (pooledbecauseof
low sample sizes). This analysis excluded nests that were found
later than two days after hatching, in order to eliminate nests for
which parasites might been present but undetected early in the
nestling period.
I used a simple linear regression to estimate the effect of
temperature on the duration of the pupal stage. The temperature
metric used was mean daily maximum temperature during the
pupal stage. Temperature data were obtained from the Dennes
Point weather station archives (Bureau of Meteorology 2015).
Larvae collected from the same nest were possibly siblings, and
to avoid pseudoreplication I grouped larvae collected from a
single nest, and took the mean duration of the pupal stage within
each group.
Finally, to examine the impact of Passeromyia longicornis
larvae on their hosts, I report the abundance of parasites found in
forty-spotted and striated pardalote nests as a box-and-whisker
plot, and test for a difference in parasite abundance across these
species using a generalised linear mixed-effects model (GLMM),
with parasite abundance as the response variable, species as
(a)
5 mm
(b) (c)
(d) (e) (f )
5 mm 5 mm
5 mm
5 mm
5 mm
Fig. 1. Developmental stages of Passeromyia longicornis. (a) A six-day-old forty-spotted pardalote nestling infested with a single larva, from a nest on north
Bruny Island, Tasmania The larva spends 4–7 days in its nestling host. (b) Two third-instar larvae recently emerged from their host. These larvae drop into the nest
material and form pupaewithin 3–4 days. (c) A foamywhite cocoon anchors the pupa into surrounding nest material, which is wood shavings in this photograph.
(d) An empty puparium separated from nest material. The pupal stage lasts 14–21 days, depending on temperature. (e, f) The adult form of P. longicornis,
a free-living ﬂy.
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a ﬁxed effect, pair ID as a random effect, and a Poisson error
distribution for count data (Bates et al. 2015). As an exploratory
analysis of the potential for Passeromyia longicornis to cause
mortality in pardalotes, I examined mortality in nests infested by
these parasites. I calculated mortality as the number of nestlings
that failed to ﬂedge divided by the number of nestlings that
originally hatched. None of these nests were depredated, but
factors such as cold temperatures or limited food supplymayhave
contributed to mortality in parasitised nests (A. Edworthy, pers.
obs.). The sample size of nests where parasites were undetected
was low (n= 3–6), and the absence of parasites was uncertain in
cases where all nestlings died before the ﬁrst nest check, so I was
unable to assessmortality in unparasitised nests. Margins of error
reported in the Results section are standard errors unless
otherwise indicated. All analyses were done using the statistical
software R 2.15.0 (R Development Core Team 2013).
Results
Hosts and prevalence of Passeromyia longicornis
Hosts of Passeromyia longicornis included forty-spotted
pardalotes, striated pardalotes, and New Holland honeyeaters.
Both forty-spotted and striated pardalotes were new host records
for the ﬂy parasite. I located a total of 11 nests of nine other forest
bird species and there were no parasites in any of these nests;
however, sample sizes were low (n= 1–3 nests per species)
(Table 1). Prevalence of P. longicornis was 87% in forty-
spotted pardalote nests (n= 45), 88% in striated pardalote nests
(n= 49), and 11% in New Holland honeyeater nests (n = 9)
(Table 1).There was no signiﬁcant difference in parasite
prevalence between forty-spotted and striated pardalotes
(c2 = 0.03, P= 0.87). Both pardalote species had higher parasite
prevalence than the grouping of other forest bird species;
prevalence was 16.6 times higher in striated pardalotes and 16.4
times higher in forty-spotted pardalotes than in other forest birds
(c2 = 43.37, P< 0.001, and c2 = 40.23, P < 0.001, respectively).
All striated pardalote nests were in nest boxes and 37 of
45 forty-spotted pardalote nests that allowed a clear view of
nestlings were in nest boxes (Table 1). There were eight forty-
spotted pardalote nests in natural hollows that were both
accessible and allowed a clear view of nestlings. These nestswere
located at Tinderbox Peninsula and Maria Island. At Tinderbox
Peninsula, three of four nests were parasitised by P. longicornis
(subcutaneous larvae were observed by means of a video
burrowscope), and at Maria Island two of four nests were
parasitised (Table 1).
Life cycle of Passeromyia longicornis
Adult females of genus Passeromyia typically deposit their
offspring as eggs rather than larvae, but this has not been
conﬁrmed in P. longicornis (Couri and Carvalho 2003).
Passeromyia species have three larval instar stages, and their
general morphology is described in Skidmore (1985). The
youngest P. longicornis individuals that I detected were ﬁrst-
instar larvae (~1–2mm long), which spread across the body of
nestling birds, and burrowed under the skin of their hosts. These
observations of ﬁrst-instar larvae were oftenmade on the day that
host nestlings hatched, suggesting that the larvae burrowed into
their hosts within one day (and likely within hours) of hatching
or being deposited by an adult female. The ﬂy larvae did not need
Table 1. Summary of nest sample sizes and parasite prevalence of Passeromyia longicornis across potential host species, sites, and nest types
Nests were located in south-eastern Tasmania, at three study areas (Maria Island, Bruny Island and Tinderbox Peninsula), in both nest boxes and natural nest sites
(tree hollows, dome nests, open cup or stick platform nests). Prevalence (proportion of nest attempts with parasitised nestlings) is bolded for species totals across
sites, and nest types
Species Site Nest type No. of nest
attempts monitored
No. of
pairs
No. of nests
with parasites
Prevalence
Forty-spotted pardalote Bruny Box 35 21 33 0.94
Maria Natural hollow 4 3 2 0.5
Tinderbox Box 2 2 1 0.5
Tinderbox Natural hollow 4 4 3 0.75
Total forty-spotted pardalote 45 30 39 0.87
Striated pardalote Bruny Box 49 39 43 0.88
New Holland honeyeater Maria Open cup 4 4 1 0.25
Tinderbox Open cup 5 5 0 0
Total New Holland honeyeater 9 9 1 0.11
Brown thornbill Tinderbox Open cup 1 1 0 0
Superb fairy-wren Tinderbox Dome 3 3 0 0
Tasmanian scrubwren Maria Dome 1 1 0 0
Grey fantail Bruny Open cup 1 1 0 0
Yellow throated honeyeater Bruny Open cup 1 1 0 0
Dusky woodswallow Tinderbox Open cup 1 1 0 0
Grey shrike thrush Tinderbox Natural hollowA 1 1 0 0
Green rosella Bruny Natural hollowB 1 1 0 0
Brush bronzewing Tinderbox Stick platform 1 1 0 0
Total forest birds excluding pardalotes 20 20 1 0.05
Grand total 114 89 83 0.72
AThe grey shrike thrush built an open cup nest inside a large tree hollow.
BGreen rosellas differ from the other hollow-nesting birds listed in that they do not add nest material (other than a bed of wood chips) to their hollows.
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an existing lesion or opening, and were found in a variety of
locations on their hosts, including thehead, body,wings, and legs.
Once embedded under the skin of their host, larvae did not move
from their initial site of entry, where they developed through
second and third instars, reaching amean length of 13.6! 1.3mm
(maximum= 15mm, n= 18) (Fig. 1a). Larvae kept their posterior
segment level with the skin of their host, or slightly protruding
(Fig. 1a). After 4–7 days larvae emerged from their hosts and
burrowed into the surrounding nest material, where they pupated.
The larvae that I collected as they were emerging from their
hosts started to pupate within 3–6 days of collection (n= 18
larvae). As is characteristic of the genus, P. longicornis larvae
produced a spongy white cocoon surrounding the puparium. The
cocoon anchored the pupal case (Fig. 1c) to the nest material
(Fig. 1d), and may have provided protection from adult birds or
hyperparasites (though none were observed). Median duration
of the pupal stage was 17 days, but was negatively related to
the mean of daily temperature maxima during the pupal stage
(Fig. 2). Length of the pupal stage decreased by 2.00 days
(s.e. = 0.24) with each 1"C increase in average daily temperature
maximum (t= –8.291, P< 0.001, adjusted r2 = 0.89) (Fig. 2).
After emerging, adults left the nest box as free-living ﬂies
(Fig. 1e, f). The food sources, habitat requirements, and
overwintering strategies of adult P. longicornis ﬂies are still
unknown.
Host–parasite interactions
P. longicornis larvae were often found on nestlings within the
ﬁrst day after hatching, but new infestations also occurred as
nestlings aged (parasite infections appeared in previously healthy
nestlings).Abundance of these parasites in host nests ranged from
1 to 46 larvae (median = 15) in forty-spotted pardalote nests and
1 to 61 larvae (median = 10) in striated pardalote nests (Fig. 3),
but host species was not a signiﬁcant predictor of parasite
abundance (likelihood ratio test: c2 = 2.08, P = 0.150). All larvae
observed in nests were subcutaneous parasites of nestling birds
(Fig. 1a), unless the nestlings had died recently, in which case ﬂy
larvae were found feeding in the body cavity or nearby in the nest
material. These included third-instar larvae feeding on nestlings
that had died within the previous 24 h, and were likely
P. longicornis larvae; however, I did not identify them, and they
may have been a different species of ﬂy. In living hosts, larvae
stayed just under the skin, and did not appear to cause signiﬁcant
tissue damage. Blood was visible in the gut of third-instar larvae
(Fig. 1b) and, thus, P. longicornis appeared to be mainly
haematophagous. Emerging larvae left behind a wound in the
nestling that scabbed over and healed after several days. Other
effects of P. longicornis on nestling birds included blood loss,
infection, swelling in the surrounding tissue, and death. In nests
harbouring P. longicornis larvae, mortality was 85! 5% (s.e.) of
forty-spotted pardalote nestlings (n= 33 nests), and 65! 6% of
striated pardalote nestlings (n= 43 nests). There was no evidence
of predation in any of these nests (e.g. ripped open nest boxes,
destroyed nest material, crushed eggs); however, extended
periods of cold weather or starvation may have contributed to
mortality.
Discussion
These results show that Passeromyia longicornis is a common
parasite of nestling forty-spotted and striated pardalotes in south-
eastern Tasmania, and provide the ﬁrst information about its
hosts, prevalence, and larval life history. Three of 12 forest bird
species found nesting at the study sites hostedP. longicornis, and
in all hosts, the larval form of P. longicorniswas a subcutaneous,
blood-feeding parasite of nestling birds. Although P. longicornis
is endemic to Tasmania, the only previous records of it
parasitising nestling birds were in house sparrows and New
Holland honeyeaters (Green and Munday 1971; Green 1988).
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Larvae were collected from nine nests of pardalotes on North Bruny Island,
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and development time was averaged across larvae in the single case where
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There has been a general lack of studies of nesting birds
in Tasmania (especially for the small hollow- and burrow-
nesting species), so previous interactions have likely gone
undocumented. Parasite prevalence and nestling mortality were
high in striated and forty-spotted pardalote broods, but the causal
relationship between parasites and mortality is uncertain.
A parasite elimination experiment is needed in order to determine
the effect of P. longicornis abundance on nestling mortality.
Nonetheless, parasitismbyP. longicornisdid appear to be amajor
source of nest failure; there was no predation detected in nest
boxes, and other sources of mortality were minor, including
hypothermia during extended periods of cold weather, possibly
combined with starvation (A. Edworthy, unpubl. data).
Most pardalote nests with observable nestlings and parasites
were in nest boxes. Although I was able to climb to about half
of the natural nests detected, I was unable to get a clear view of
nestlings in most natural tree hollows because pardalotes build
domed nests at the base of their hollow. However, I did detect
parasites in three of four nests with observable nestlings at
Tinderbox Peninsula, and two of four such nests at Maria Island.
These 50–75% prevalence levels likely underestimate actual
prevalence, as I was much more likely to access nests with
healthy nestlings due to their longer survival times (e.g. 4 weeks
versus <1 week). Despite limited sample sizes, these
observations of nests’ natural hollows are valuable as they show
that parasites were present throughout the main range of forty-
spotted pardalotes (Maria Island, Bruny Island, and Tinderbox
Peninsula), and in both nest boxes and natural hollows.
Conﬁrmed hosts of P. longicornis now include forty-spotted
pardalotes, striated pardalotes, New Holland honeyeaters, house
sparrows, and European goldﬁnches (Green and Munday 1971;
Green 1988). Early reports of P. longicornis parasitising
honeyeaters and other bird species on mainland Australia (e.g.
Gilbert 1919; Gilbert 1923; Hindwood 1930) were later shown to
refer to P. indecora or P. steini (Pont 1974). Of the currently
knownhosts,most records come frompardalotes. Prevalencewas
high in both forty-spotted and striated pardalotes nests at 87–88%
of nests. In a recent meta-analysis of all studies reporting
prevalence and virulence of avian ectoparasites up to the year
2008, 48 bird species were infected by dipteran ectoparasites,
with an average prevalence of 63% across nests of each species
(s.d. = 34%, range = 85–100%) (Møller et al. 2009). Prevalence
ofP. longicornis in forty-spotted and striated pardalotes falls into
the 66th percentile of this dataset, well above the median.
Unfortunately, the lack of historical data limits our ability to
interpret current prevalence in this system. High parasite
prevalence can occur in host–parasite relationships that share a
long evolutionary history (Møller et al. 2009), as well as in novel
relationships (e.g. Fessl and Tebbich 2002).
Although nest sample sizes were low for most bird species
aside from pardalotes, the high prevalence in pardalotes
compared with that in other forest birds (just one of 20 nests
parasitised) indicates that pardalotes are important hosts for
P. longicornis. Selection of pardalote nests may be related to
their location in nest boxes and natural tree hollows. These nest
sites are often reused within a breeding season or across years,
providing a predictable source of hosts, as well as a humid
microclimate, well suited to ectoparasites (Heeb et al. 2000).
Additionally,Passeromyia species tend to parasitise species with
densely packed nest material (Pont 1974). Both pardalote species
pack their nest boxes or hollows full of bark strips and grass,
which was used by P. longicornis during its pupal stage. Parrots
and cockatoos are the most abundant hollow-nesters in Australia
but, in contrast to pardalotes, they don’t add nest material to their
hollows (aside from wood shavings or stick platforms). Thus,
pardalotesmaybe an ideal target for dipteran ectoparasites among
theAustralian hollow-nesting birds, as their hollows provide both
a warm, humidmicroclimate, and a substrate of grass or bark nest
material for safe development of ﬂy pupae.
Of the Passeromyia species, the life history of P. longicornis
is most similar to that of P. indecora, which is also an obligate,
subcutaneous, and hematophagous parasite of nestling birds
(Couri and Carvalho 2003). Similar to other ﬂy species, duration
of the pupal stage in P. longicornis was strongly temperature-
dependent (e.g. Anderson 2000). The relationship of temperature
with rate of pupal development (as well as parasite abundance in
nests) is often parabolic, reaching an optimum at moderate
temperatures (Anderson2000;Dawson et al. 2005).However, the
breeding season in Tasmania is mild compared with the rest of
Australia, and pupal development rate increased throughout the
spring and summer, from 21 days in October to 14 days in late
December and early January (Fig. 2). This pattern may allow ﬂy
populations to increase more rapidly later in the breeding season,
as well as in warmer years. In other systems, the abundance and
virulence of ectoparasitic ﬂy larvae has increased in response to
warm, wet conditions, as well as to changes in forest structure
(Dudaniec et al. 2007;Antoniazzi et al. 2011). Thus, the response
of P. longicornis to environmental change is an important area
for future research.
This study is the ﬁrst to examine the hosts, prevalence, and
larval life cycle of P. longicornis; however, there is still much
to learn about the basic ecology of the adult ﬂy, including its
food supply and habitat factors inﬂuencing abundance and
distribution. P. longicornis is of particular interest because of its
high prevalence in endangered and declining forty-spotted
pardalotes. Fly parasites are emerging as a threat to nestling birds
in several systems (e.g. O’Connor et al. 2010; Antoniazzi et al.
2011;Møller et al. 2013; Koop et al. 2016), and there is potential
for the same to occur in Tasmania. Whether increasing in
abundance or maintaining stable populations, P. longicorniswas
widespread in Tasmanian pardalotes, and is likely a major player
in the ecology of this system.
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CHAPTER 4. NATIVE FLY PARASITES ARE THE PRINCIPAL CAUSE OF 
MORTALITY IN AN ENDANGERED SONGBIRD 
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4.1 Abstract 1 
Parasites may become a threat to host populations if their long-term relationships are 2 
disrupted by environmental change. However, most cases of population decline caused by 3 
parasites have occurred in new hosts, and the potential for parasites to cause substantial and 4 
unsustainable mortality in their long-term hosts remains uncertain. Here, I examine whether a 5 
native fly parasite has become a principal source of mortality in an avian host with a shared 6 
evolutionary history. I assess mortality caused by parasitic larvae of the endemic fly 7 
Passeromyia longicornis in two closely related Tasmanian songbirds: an endangered habitat 8 
specialist, the forty-spotted pardalote (Pardalotus quadragintus), and a common generalist, 9 
the striated pardalote (Pardalotus striatus). I conducted a parasite elimination experiment to 10 
determine the net effect of parasites on forty-spotted pardalote nestling mortality, and 11 
monitored nestling parasite load and mortality in both species during two breeding seasons. In 12 
forty-spotted pardalote nests where parasites were experimentally removed, 89% of nestlings 13 
fledged, compared with just 8% in untreated nests. Parasite virulence was similar between 14 
forty-spotted and striated pardalote nests, but parasite intensity was higher in forty-spotted 15 
pardalote nests. There was strong inter-annual variation in parasite intensity, with 2.5 times 16 
higher intensity in 2014 than 2013 in forty-spotted pardalotes. Within broods, fly parasites 17 
were most abundant on the first nestlings to hatch, causing greater mortality in these nestlings, 18 
which might otherwise have fitness advantages over their younger siblings. These results 19 
show that native fly parasites can become a principal source of mortality in their hosts, and 20 
highlight the need to monitor such relationships, particularly in vulnerable species impacted 21 
by small population sizes or environmental change. 22 
 23 
4.2 Introduction 24 
In host-parasite relationships formed over evolutionary time-scales, hosts develop 25 
mechanisms of resistance or tolerance that generally reduce the impacts of parasites 26 
(Anderson & May 1982; Clayton & Moore 1997; Gandon et al. 2008). However, 27 
environmental change is predicted to disrupt many host-parasite relationships and may 28 
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exacerbate mortality caused by parasites in some systems (Lafferty & Kuris 1999; Hudson et 29 
al. 2006). For example, warming temperatures can accelerate invertebrate parasite life cycles 30 
relative to those of their vertebrate hosts, resulting in pulses in parasite abundance (Kutz et al. 31 
2005). In general, hosts with declining population abundance may also become increasingly 32 
vulnerable to parasites through loss of genetic diversity (Coltman 1999; Cassinello et al. 2001; 33 
Whitehorn et al. 2011). Thus, species at risk from factors such as environmental change or 34 
reduced genetic diversity, may be increasingly vulnerable to parasites and pathogens.  35 
Despite these concerns, most examples of disrupted host-parasite relationships 36 
causing population decline are in systems where parasites have been introduced (e.g., 37 
Philornis downsi in Galapágos Island finches, avian malaria in Hawaiian sunbirds) (Warner 38 
1968; Causton et al. 2006). New hosts often lack behavioural, immunological, and other 39 
evolved defences against parasites (Lymbery et al. 2014). Without evolved responses, these 40 
hosts are relatively defenceless against introduced parasites (Huber et al. 2010). Avian 41 
ectoparasites are no exception to this pattern; invasive fly parasites of nestling birds are 42 
emerging as a threat to rare and endangered bird species globally (e.g., O’Connor et al. 43 
2010b), but there are no documented cases of population decline in a native host. The most 44 
striking example of avian ectoparasite causing decline of their hosts is a botfly (Philornis 45 
downsi) introduced to the Galapagos Islands where it has caused extirpation in several local 46 
finch populations (Kleindorfer et al. 2014a, b; Kleindorfer & Dudaniec 2016). In natural 47 
systems, however, studies of the impact of ectoparasites on their avian hosts have thus far 48 
found marginal effects of environmental change on nestling mortality (e.g., Antonniazzi et al. 49 
2011; Dudaniec et al. 2007; Møller et al. 2013). Thus, we have yet to see native fly parasites 50 
become a serious problem for their hosts. 51 
The forty-spotted pardalote (Pardalotus quadragintus), an endangered Tasmanian 52 
forest bird, provides an excellent case study for examining the impacts of native parasites on 53 
their hosts. Forty-spotted pardalotes declined by 60% between 1997 and 2010, and the recent 54 
discovery of a native fly (Passeromyia longicornis [Diptera: Macquart]) parasitising 87% of 55 
nests points to parasitism as a possible contributor to their decline (Bryant 2010; Edworthy 56 
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2016a). As an adult fly, P. longicornis is vegetarian, but the larvae are obligate subcutaneous 57 
parasites of nestling birds, and feed on the blood of their hosts for 3 to 6 days (Fig. 4.1) (Pont 58 
1974; Edworthy 2016a). Both the forty-spotted pardalote and P. longicornis are endemic to 59 
Tasmania, likely the result of at least 12,000 years isolation from their nearest relatives on 60 
mainland Australia (Rldpath & Moreau 1966; Pont 1974). Australia is home to five members 61 
of genus Passeromyia, all of which are endemic. Macquart (1851) first described P. 62 
longicornis, all subsequent records have been from eastern Tasmania, spanning nearly the full 63 
north-south extent of the island (Pont 1974, Edworthy 2016a). Passeromyia indecora, 64 
endemic to continental Australia, is the closest known relative of P. longicornis, and the two 65 
species have nucleotide divergence of 5%, which suggests they are distinct but closely related 66 
species (A. Grzywacz, pers. comm.; Hebert et al. 2004)Forty-spotted pardalotes are currently 67 
restricted to small island and mainland forest patches of southeastern Tasmania, and Flinders 68 
Island in the northeast of the state, but were likely distributed throughout eastern Tasmania 69 
prior to European settlement (Fensham 1989; Bryant 2010; Bradshaw 2012). Thus, all 70 
available evidence supports a shared evolutionary history between P. longicornis and the 71 
forty-spotted pardalote.  72 
Forty-spotted pardalotes specialise on a single tree species (Eucalyptus viminalis) for 73 
most of their food, and are tightly linked to forests containing these trees (Woinarski & 74 
Rounsevell 1983; Case & Edworthy 2016). In contrast, the striated pardalote (Pardalotus 75 
striatus) is a generalist native to Tasmania and mainland Australia, where it is found in most 76 
habitats containing forest, woodland, or shrubs (Higgins & Peter 2002). Although sympatric 77 
striated pardalotes are also parasitised by P. longicornis, they remain common (least concern) 78 
and widespread (Higgins & Peter 2002; Edworthy 2016a). While there are many differences 79 
between these species which may influence their relationship with parasites, their pairing 80 
allows us to assess the impact of parasites on a small and threatened population habitat 81 
specialist (forty-spotted pardalote) in comparison to a larger, stable population of generalists 82 
(striated pardalote).  83 
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Dipteran ectoparasites often aggregate on individual nestlings within a brood (Christe 84 
et al. 1998; O’Connor et al. 2010a). According to the ‘tasty chick’ hypothesis, parasites select 85 
nestlings with the weakest immune defences, usually the smallest or latest to hatch (Christe et 86 
al. 1998; Simon et al. 2003). Nestling behaviour can produce similar sibling survival patterns; 87 
in the medium tree finch (Camarhynchus pauper) large siblings perch on top of weaker 88 
nestlings to avoid botfly larvae in the nest material, causing nestlings to die in order of 89 
smallest to largest (O’Connor et al. 2010a; O’Connor et al. 2014). In systems with heavy 90 
parasite infestation, it may be adaptive to sacrifice younger siblings through hatching 91 
asynchrony (Christe et al. 1998). Forty-spotted pardalotes exhibit both high levels of 92 
ectoparasite prevalence and hatching asynchrony (broods usually hatch across 2 days, range = 93 
1–3 days). However, the ectoparasite P. longicornis is unusual in that it is unable to switch 94 
between hosts, and aggregates on the first nestlings to hatch (A. Edworthy, pers. obs.). Thus, 95 
there is concern that the oldest siblings which might otherwise have the greatest fitness are 96 
most susceptible to ectoparasites. 97 
This study investigates whether a native parasite can become a significant cause of 98 
mortality in its hosts, using the endangered forty-spotted pardalote as a case study. 99 
Specifically, I 1) quantify nest success and sources of failure in forty-spotted and sympatric 100 
striated pardalotes, 2) conduct a parasite elimination experiment to determine the net effect of 101 
P. longicornis on forty-spotted pardalote nestling survival, 3) compare virulence and intensity 102 
of P. longicornis in forty-spotted and striated pardalote nests, and 4) test whether the 103 
subcutaneous feeding behaviour of P. longicornis leads to greater mortality of older nestlings 104 
compared with their younger siblings. 105 
 106 
4.3 Methods 107 
4.3.1 Study Sites and Species 108 
I conducted fieldwork at North Bruny Island, Tasmania, Australia. Bruny Island 109 
supports ~450 forty-spotted pardalotes, or 30% of remaining individuals of the species (~1500 110 
birds) (Bryant 2010). Study sites were dry woodlands located at Waterview Hill (comprised 111 
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of two habitat patches: South Waterview [15 ha], Dennes [12 ha]; 43.10°S, 147.36°E) and 112 
Murrayfield Farm (one patch: Murrayfield #16 [5 ha]; 43.12°S 147.38°E), all within 3 km of 113 
each other. Waterview Hill patches were dominated by Eucalyptus viminalis, but also 114 
contained Eucalyptus globulus, Eucalyptus pulchella, and Eucalyptus obliqua. Murrayfield 115 
patch #16 had similar tree species composition, but no single dominant species, and was 116 
classified as mixed wood. Both forty-spotted and striated pardalotes were common at the 117 
study sites and nested at similar densities. 118 
Forty-spotted pardalotes (11.2 ± 1.2 s.e. g) are physically smaller than striated 119 
pardalotes (13.6 ± 0.7 s.e. g). Both forty-spotted and striated pardalotes typically lay clutches 120 
of three to five eggs (Higgins and Peter 2002), but in southeastern Tasmania, striated 121 
pardalotes almost always laid three or four eggs, and occasionally two (A. Edworthy, 122 
unpublished data). Depending on the year, both species can be predominantly single brooded 123 
or double-brooded, and may make up to three attempts at breeding if their early nests fail (A. 124 
Edworthy pers. obs.). The generation length of forty-spotted and striated pardalotes are 125 
unknown, but similar Australian passerines have generation lengths of 3.9 years (Garnett et al. 126 
2011). Maximum reported lifespan is 3.5 for forty-spotted pardalotes and 6 years for striated 127 
pardalotes (Australian Bird and Bat Banding Scheme database, accessed 2016); however, 128 
these estimates are based on just 263 recaptures for striated pardalotes and 79 recaptures for 129 
forty-spotted pardalotes, and are likely underestimates. Both pardalote species nested in 130 
natural cavities and nest boxes, but I was unable to access nestlings in natural cavities and this 131 
study relied on birds nesting in nest boxes. Nest boxes were specifically designed for use by 132 
pardalotes, and were constructed of plywood with dimensions of 12 cm x 12 cm x 30 cm, 133 
oriented horizontally, with a 28-30 mm entrance hole diameter (La Trobe University, 134 
Melbourne, VIC, Australia). In 2008, the Tasmania Department of Primary Industries, Parks, 135 
Wildlife and Environment staff installed 100 boxes intended for use by forty-spotted 136 
pardalotes, including 50 boxes at South Waterview and 50 boxes at Dennes (32 of which were 137 
within suitable habitat). In 2013, I installed 20 additional boxes at Murrayfield patch #16.  138 
Probability of fledging at least one young was similar in natural cavities (based on 139 
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observations of parental behaviour) and nest boxes, and mean nestling age at death was < 7 140 
days in both nest types, which is consistent with parasite-induced mortality (Chapter 6). 141 
 142 
4.3.2 Nest Monitoring 143 
I monitored reproductive success and ectoparasite loads in forty-spotted and striated 144 
pardalote nests during three breeding seasons, August–January, 2012–2015. During the initial 145 
2012/13 season, consistent nest monitoring started mid-September, and ectoparasite load was 146 
not quantified. In subsequent seasons, nests were located by checking all nest boxes at least 147 
every 4 days throughout August–October, and watching for re-nesting activity or the presence 148 
of new pairs at boxes November–December. Nests in boxes were accessed using ladders, and 149 
were checked every four days to determine timing of breeding, number of eggs laid (clutch 150 
size), number of nestlings hatched, and number of nestlings fledged. At each check, nestlings 151 
were removed from the nest and weighed individually using a digital scale (American Weigh 152 
100 g x 0.01 g Digital Scale, American Weigh Scales Inc., Norcross, GA, USA). I also 153 
counted the number of parasitic fly larvae on the nestlings. Initially the parasite count was 154 
pooled across the full brood, but starting mid-2013, I assessed individual parasite load 155 
throughout the nestling period. To identify individual nestlings, I marked their legs with 156 
permanent marker (Sharpie, Oak Brook, IL, USA) until they were banded at ~20 days of age. 157 
Nestlings were aged by weight and size at the first check after hatching. I developed growth 158 
curves based on 30 nestlings which I found on hatch day. These nestlings increased in mass 159 
by an average of 30% each day during their first 4 days post-hatching, and I was usually able 160 
to distinguish between nestlings hatched on subsequent days (but not precise order within 161 
days). When relative age among siblings was uncertain I excluded them from analyses relying 162 
on these data. Nestlings hatched on the first day are referred to as “older” and nestlings 163 
hatched on the second or third day were grouped and defined as “younger”. If all siblings 164 
were similar in age (hatched within 1 day), they were defined as “same” age. Nests that 165 
hatched within a single day were defined as “synchronous” and those that hatched over two or 166 
three days were defined as “asynchronous”. Nests were monitored until nestlings fledged or 167 
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died, including a post-fledging visit to ensure there was no evidence of mortality or 168 
depredation. 169 
 170 
4.3.3 Parasite Elimination Experiment in Forty-spotted Pardalote nests 171 
During the 2014/15 (hereafter, “2014”) field season, I conducted a parasite 172 
elimination experiment using an insecticide (Avian Insect Liquidator; Vetapharm, Wagga 173 
Wagga, New South Wales, Australia), to fumigate nests. The active ingredients of Avian 174 
Insect Liquidator (hereafter, “insecticide”) are permethrin, piperonyl butoxide, and 175 
methoprene. I sprayed nest material with the insecticide during the week prior to hatching. 176 
The treatment lasts for six weeks, and was only reapplied if parasites appeared in the nestlings, 177 
in which case they were individually dabbed with insecticide. Control nests were untreated, 178 
but visited with the same frequency as experimental nests. Treatment and control nests were 179 
randomly assigned in pairs (blocked randomization). If a nest failed and the pair re-nested in 180 
the same box, I kept the second attempt in the same treatment group. Three nests were found 181 
early in the nestling period, within a day of hatching, and were included in the study as 182 
additional controls. 183 
 184 
4.3.4 Statistical Analysis 185 
All statistical analyses were conducted using the statistical program R (R Core Team 186 
2015). The package ‘nlme’ (Pinheiro et al. 2016) was used for linear mixed effects models, 187 
and ‘lme4’ was used for generalised linear models (Bates et al. 2015) 188 
4.3.4.1 Reproductive Success of Forty-spotted and Striated Pardalotes 189 
Mean clutch size, number of eggs hatched, and number of nestlings fledged were 190 
calculated for first and subsequent (2nd and 3rd) nesting attempts, as well as for all attempts 191 
combined, for each pardalote species. Proportion of nestlings fledged and failed (separated by 192 
nests in which P. longicornis parasites were observed vs. not observed) were calculated by 193 
dividing by the total number of nestlings hatched. Nest success was calculated as the number 194 
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of nests which fledged at least one young divided by the number of nests in which laying was 195 
initiated. 196 
4.3.4.2 Fly Elimination Experiment in Forty-spotted Pardalote Nests 197 
The fly elimination experiment included 30 nesting attempts in boxes, by 25 forty-198 
spotted pardalote pairs, five of which re-nested after an initial failure. Most of these nests 199 
were at Waterview Hill patches, with an additional two nests at Murrayfield patch #16. While 200 
forest composition was slightly different at these sites, I did not include site in any of our 201 
models given the small sample size at Murrayfield. To assess the effects of insecticide 202 
treatment on parasite intensity (number of parasites per nestling), I constructed a linear mixed 203 
effects model using the ‘lme’ function (implemented in the ‘nlme’ package). Parasite intensity 204 
(a nest-level measure of the number of parasites per nestling) was the response variable, and 205 
was log-transformed to meet the assumption of normality. Insecticide treatment (fumigated 206 
versus untreated) was a fixed effect, and pair ID was included as a random effect to account 207 
for inclusion of second nesting attempts by five forty-spotted pardalote pairs in the control 208 
group. I assessed the significance of individual factors in linear mixed effects models using 209 
Wald’s statistic, reported as t and associated P values by ‘nlme’.  210 
To determine the effect of parasite removal on fledging success, I constructed a 211 
generalised linear mixed model (GLMM) with a binomial error distribution, using the ‘glmer’ 212 
function (implemented in ‘lme4’). Number nestlings fledged vs. number died was the 213 
response variable, treatment (fumigated vs. untreated) was a fixed effect, and pair ID was a 214 
random effect to account for inclusion of second nesting attempts. I also tested for effects of 215 
nest attempt number and brood size using Wald’s test, and found none (z = 0.21, P = 0.834 216 
and z = 0.99, P = 0.323, respectively), so I dropped these variables from the final model to 217 
avoid over-fitting. I assessed the significance of factors in this model, as well as in subsequent 218 
GLMMs and GLMs, using Wald’s test, implemented in ‘lme4’. 219 
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4.3.4.3 Nestling Mortality Across Parasite Intensity and Species 220 
Data from the 2013 and 2014 seasons were to examine the relationship between 221 
ectoparasite intensity and nestling mortality in nests of both forty-spotted and striated 222 
pardalotes, including 32 nests by 20 forty-spotted pairs and 44 nests by 24 striated pairs, all of 223 
which nested in boxes at the Waterview (74 nests) and Murrayfield sites (2 nests). Fumigated 224 
nests were excluded from this analysis because the goal was to compare parasite effects 225 
between forty-spotted and striated pardalotes, but I did not fumigate striated pardalote nests. I 226 
used parasite intensity—a nest level measure—to allow inclusion of the maximum number of 227 
nests possible, as parasite load of individual nestlings was not always monitored in 2013. To 228 
determine the effect of parasite intensity on fledging success, I used a binomial GLMM with 229 
the number nestlings fledged vs. number died as the response variable; parasite intensity 230 
(number of parasites/chick), host species (forty-spotted vs. striated pardalote), the interaction 231 
of parasite intensity and host species, brood size, and year (2013 vs. 2014) were included as 232 
fixed effects; and pair ID was a random effect. 233 
4.3.4.4 Within-Brood Patterns of Mortality 234 
Analyses of within-brood patterns of mortality included forty-spotted pardalote nests 235 
for which I knew the age and fate of individual nestlings. Striated pardalotes were excluded 236 
from these analyses because there was an inadequate sample size of known-age nestlings 237 
from broods that hatched asynchronously. Because these analyses used only forty-spotted 238 
pardalote nests, I included both untreated and insecticide-treated nests. I excluded nests if 239 
nestlings had died before the first check or if I was uncertain whether hatching was 240 
synchronous or not. I examined the effect of hatch order on within-brood patterns of fledging 241 
success using a binomial GLMM. Whether a nestling fledged or died was the binary response 242 
variable, relative sibling age (younger vs. older) and parasite presence (nest parasitised vs. 243 
unparasitised) were fixed effects, and nest ID was a random factor.  244 
To test whether older siblings were more heavily parasitised than younger siblings 245 
during their most vulnerable period (< 7 days old), I constructed a GLMM using the ‘glmer’ 246 
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function in the ‘lme4’ package. Nestling parasite load at first check was the response variable 247 
(an integer count), allowing use of the Poisson error distribution (there was no evidence of 248 
overdispersion). Relative sibling age was included as a fixed effect, and nest ID as a random 249 
effect. 250 
All reports of uncertainty are ± SE unless indicated otherwise.  251 
 252 
4.4 Results 253 
4.4.1 Reproductive Success of Forty-spotted and Striated Pardalotes 254 
Mean clutch size was 4.22 ± 0.70 in forty-spotted pardalotes and 3.42 ± 0.64 in 255 
striated pardalotes (Table 1). Of the total number of eggs laid, 89% hatched for forty-spotted 256 
pardalotes and 84% hatched for striated pardalotes (Fig. 4.2, Table 1). Eggs that failed to 257 
hatch were either inviable or, in the case of forty-spotted pardalote nests, 258 
destroyed/abandoned during nest site takeovers by striated pardalotes. (Edworthy 2016b). Of 259 
the nestlings hatched, 19% of forty-spotted pardalotes fledged and 32% of striated pardalotes 260 
fledged (Fig. 4.2, Table 1). Mean number of young fledged per nest was 0.72 ± 1.17 for forty-261 
spotted pardalotes and 0.94 ± 1.32 for striated pardalotes (Table 1). Passeromyia longicornis 262 
infestation was observed in nests of 58% of forty-spotted nestlings that died and 52% of 263 
striated pardalote nestlings. The remainder of nestlings that died were in nests where P. 264 
longicornis was not observed, but these parasites may have been present between nest checks. 265 
Cold exposure and starvation (rarely) also appeared to contribute to nestling mortality. No 266 
nests were depredated in boxes, which was consistent with the very low predation rates seen 267 
in natural cavities (just one predation event detected during 1235 days of camera trapping; 268 
Chapter 6). 269 
4.4.2 Fly Elimination Experiment in Forty-Spotted Pardalote Nests 270 
I treated 11 nest attempts by 11 pairs with insecticide, and 19 nest attempts by 14 pairs (five 271 
pairs re-nested following failure) were untreated controls. Insecticide treatment resulted in 272 
nearly complete elimination of parasites from nests, with just 0.3 ± 0.2 parasites per nestling 273 
in treated nests, compared to 4.6 ± 1.5 parasites per nestling in untreated nests (difference = 274 
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4.3 parasites, t = 5.02, P < 0.001) (Fig. 4.3A). The few parasites that remained were killed 275 
within their first 4 days of life by direct application of insecticide.  276 
Treatment and control nests had similar initial brood sizes (treatment: 4.27 ± 0.14, 277 
control: 3.74 ± 0.17, F = 4.79, p = 0.08). Fledging success was just 8% in control nests 278 
compared with 89% in treated nests (z = -5.05, P < 0.001) (Fig. 4.3B,). Thus, parasitic fly 279 
larvae were responsible for the death of 81% of nestlings across all forty-spotted pardalote 280 
nests. Eleven percent of nestlings died in fumigated nests, possibly from a combination of 281 
hypothermia, starvation, and disease. 282 
 283 
4.4.3 Species and Year Effects on Parasite Virulence and Intensity 284 
In both forty-spotted and striated pardalotes, fledging success declined with 285 
increasing parasite intensity (z = -1.98, p = 0.048; Fig. 4.4A, B). The per parasite impact on 286 
fledging success (virulence) was similar between forty-spotted and striated pardalotes (z = 287 
0.97, P = 0.901).  288 
Mean parasite intensity was greater in forty-spotted pardalote nests (8.19 ± 1.13 larvae per 289 
nestling; range = 0–28, n = 32 nest attempts by 20 pairs) than in striated pardalotes (4.19 ± 290 
0.95 s.e.; range = 0–15, n = 44 nest attempts by 24 pairs) (difference = 4.00 ± 1.48, t = -2.70, 291 
P = 0.009). Year had a strong effect on parasite intensity in forty-spotted pardalotes with a 5.2 292 
times increase between 2013 and 2014 (F = 5.53, P = 0.038) (Fig. 4.5A, B). There was no 293 
significant effect of year on parasite intensity in striated pardalotes (F = 1.96, P = 0.178) (Fig. 294 
4.5A, B). 295 
 296 
4.4.4 Within-Brood Patterns of Mortality in Forty-Spotted Pardalotes 297 
4.4.4.1 Does Fledging Success Differ Between Older and Younger Siblings in Parasitised 298 
vs. Unparasitised Nests? 299 
Parasites had a greater effect on older siblings than on younger siblings (sibling age × 300 
parasite presence interaction: z = 2.19, P = 0.028) (Fig 4.6A). In unparasitised nests, older 301 
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siblings were more likely to fledge (99% fledged, n = 23) than their younger siblings (82% 302 
fledged, n = 11), but in parasitised nests, survival patterns were reversed with 21% of older 303 
siblings fledging (n = 73) versus 26% of younger siblings (n = 54). 304 
4.4.4.2 Are Older Chicks More Heavily Parasitised Than Their Younger Siblings? 305 
The first nestlings to hatch (older siblings) had parasite loads 2.9 times greater than 306 
nestlings hatched on subsequent days (younger siblings) (z = 7.96, P < 0.001). Parasite loads 307 
in same-age siblings (those from synchronously hatched nests) were not significantly different 308 
from those in older siblings (z = 0.11, P = 0.904) (Fig. 4.6B). 309 
 310 
4.5 Discussion 311 
This study shows that ectoparasites can become a significant and likely unsustainable 312 
source of mortality in their long-term hosts. P. longicornis caused 81% mortality in forty-313 
spotted pardalote nestlings, and is a serious threat to the persistence of the species. 314 
Additionally, the presence of a relatively tolerant host potentially increases risk to forty-315 
spotted pardalotes; if striated pardalotes maintain their densities while forty-spotteds decline, 316 
then the effect of density dependence is lost, and the continued transmission of parasites from 317 
striated to forty-spotted pardalotes may allow parasites to drive forty-spotted pardalotes to 318 
extinction (Tompkins et al. 2000; Hudson et al. 2006). Globally, ectoparasites are emerging 319 
as a major threat to island bird populations in regions such as the Galapagos and Caribbean 320 
Islands where introductions of botflies (Philornis spp.) have had severe impacts on new hosts 321 
(e.g., Fessl & Tebbich 2002; O’Connor et al. 2010b; Kleindorfer et al. 2014a, b). To my 322 
knowledge, forty-spotted pardalotes provide the first reported case of native ectoparasites as 323 
the principal cause of mortality in an endangered species.  324 
Cavity-nesting birds typically have greater nest success than species nesting in open 325 
cups, and as a result, cavity-nesters are thought to invest heavily in individual nesting 326 
attempts (e.g., large clutch sizes; Wiebe et al. 2006). Forty-spotted pardalotes lay clutches of 327 
4–5 eggs and invest up to 55 days in incubation and rearing nestlings; thus, nest failure is 328 
  
44 
44 
costly for the species. For comparison, of the 13 other cavity and burrow-nesting passerines in 329 
Australia, we have nest success data (percent of nests fledging at least one young) for 4 330 
treecreeper species and Gouldian finches (Erythrura gouldiae). Treecreeper nest success 331 
ranges from 48% (brown treecreeper [Climacteris picumnus]; n = 29 nests) to 78% (rufous 332 
treecreeper [Climacteris rufus]; n = 148 nests), with a mean of 67% across four species (the 333 
additional two species are white-throated treecreeper [Cormobates leucophaea] and red-334 
browed treecreeper [Climacteris erythrops]) (Doerr and Doerr 2006, Noske 1991, Luck 2001). 335 
Nest success in Gouldian finches—which were classified as endangered until 2012—was 56% 336 
over three years (n = 157 nests; Tidemann et al. 1999, Birdlife International 2016). Thus, nest 337 
success in both forty-spotted and striated pardalotes (35, 38%, respectively) was substantially 338 
lower than estimates for these other Australian passerines, and ectoparasite-induced mortality 339 
may be unusually high for pardalotes in southeastern Tasmania. 	340 
High parasite-induced mortality in forty-spotted pardalotes—and to a lesser extent, 341 
striated pardalotes—may result from environmental drivers, already vulnerable populations 342 
(e.g., inbreeding, poor condition), or a combination of these. Warming temperatures can 343 
increase rates of reproduction in invertebrate parasites, whereas their vertebrate hosts are 344 
more constrained. For example, warming temperatures in the Canadian Arctic have 345 
accelerated the life cycle of lung-dwelling nematode parasites of muskoxen (Ovibos 346 
moschatus), resulting in elevated levels of infection (Kutz et al. 2005). The life cycle of 347 
Passeromyia longicornis is also accelerated by warm temperatures (Edworthy 2016), and 348 
warm years in southeastern Tasmania may encourage rapid increase in parasite abundance. I 349 
detected strong inter-annual variation in parasite intensity. Between 2013 and 2014, parasite 350 
load in forty-spotted pardalote nests increased by a factor of 2.5. Inter-annual variation in 351 
abundance is common in avian ectoparasites, and is typically related to climate variables 352 
(Dudaniec et al. 2007; Antoniazzi et al. 2011). In Tasmania, the 2013 breeding season was 353 
long, and the weather was warm and dry, whereas the 2014 season was shorter, with greater 354 
temperature extremes (Bureau of Meteorology 2015). While differences in climate conditions 355 
between years may explain the overall variation in parasite abundance, the strong increase in 356 
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parasite intensity in forty-spotted pardalotes, but not striated pardalotes, suggests that a 357 
species-specific mechanism must also exist. 358 
The per parasite effect of Passeromia longicornis was similar between forty-spotted 359 
and striated pardalotes, as was parasite prevalence across nests (87% vs. 88%, respectively; 360 
Edworthy 2016a). However, overall parasite intensity was higher in forty-spotted pardalote 361 
than in striated pardalote nests, particularly in 2014 when it was 5.2 times higher. Nests of the 362 
two pardalote species were interspersed throughout the same sites, and were located in 363 
identical nest boxes, but female flies may alter the number of eggs they lay in a particular nest 364 
depending on perceived host nest quality. In general, Passeromyia species appear to prefer 365 
host species whose nests provide a dense, protected substrate for pupating larvae (Pont 1974; 366 
Edworthy 2016a). Both pardalote species weave dense nests of grass or bark strips, though 367 
subtle differences in nest material or other cues may help determine parasite host selection. 368 
Physiological and immune differences between pardalotes may also influence parasite 369 
intensity. Forty-spotted pardalotes have a history of range contraction and population decline, 370 
which can result in inbreeding, reduced immune diversity (e.g., MHC complex), and poor 371 
capacity to resist parasites (Radwan et al. 2010; Owen et al. 2010). Additionally, capacity to 372 
mount an immune response is closely tied to body condition (Møller et al. 1998), and forty-373 
spotted pardalotes’ specialised diet may make them vulnerable to food shortages, compared 374 
with generalist striated pardalotes (Owens & Bennet 2000; Higgins & Peter 2002; Case & 375 
Edworthy 2016). All remaining forty-spotted pardalote habitat is second-growth forest, and 376 
much of it is fragmented by agricultural or residential development. Grazing, altered fire 377 
regime, and a recent decade of drought have changed the forest structure and composition, all 378 
of which may affect food supply and body condition of forty-spotted pardalotes. Further 379 
research into environmental factors influencing parasite abundance, versus factors related to 380 
declining host populations (e.g., inbreeding, poor body condition) the is needed to determine 381 
whether parasitism is a cause or consequence of population decline. Additionally, 382 
demographic modelling in combination with long-term population monitoring is needed to 383 
determine whether P. longicornis abundance is increasing, declining, or cyclical.  384 
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Among forty-spotted pardalote nest-mates, hatch order was an important predictor of 385 
parasite load and mortality, but in contrast to many other avian host-parasite systems 386 
(Magrath 1990), the older nestlings were most likely to be parasitised and die. In the absence 387 
of parasites, older siblings were more likely to fledge than their younger nest mates. Thus, 388 
rather than killing the weakest members of the population, as is the case with most parasites 389 
and disease (Christe et al. 1998), P. longicornis had the greatest impact on individuals that 390 
might otherwise have the highest fitness within a brood. P. longicornis parasites burrow under 391 
the skin of their hosts as first instar larvae and remain in place for the duration of their 392 
development as larvae (Edworthy 2016a). In similar genera of parasitic flies, larvae or eggs 393 
are typically deposited in the nest in discrete clutches by adult flies (Dudaniec et al. 2010), 394 
and there are a limited number of larvae in the nest at any given time. Thus, when P. 395 
longicornis larvae select older forty-spotted pardalote nestlings as hosts, there are fewer 396 
remaining to infest younger siblings. This results in a reversal of the usual sibling dynamics 397 
seen across most bird species with hatching asynchrony, in which older siblings are the 398 
strongest competitors and most likely to survive (McGrath 1990; Simon et al. 2003; 399 
O’Connor et al. 2010a, O’Connor et al. 2014). Sacrifice of younger nestlings can in theory 400 
improve overall fledging success (Christe et al. 1998), but I lacked an adequate sample size of 401 
synchronously hatched nests to test this hypothesis.  402 
In addition to identifying the principal cause of nestling mortality in forty-spotted 403 
pardalotes, this study identified an effective method of fly control. Application of Avian 404 
Insect Liquidator to nest material nearly eliminated parasites from nests and increased 405 
fledging success from 8% to 89%. Manually fumigating large numbers of nests is time-406 
consuming and impractical, so research into alternate methods of fumigating nests is needed 407 
(e.g., Knutie et al. 2014). Additionally, habitat factors such as understory vegetation and 408 
habitat fragmentation can affect abundance and movement of parasitic flies, and may offer 409 
habitat-based management strategies to reduce fly abundance. Overall, these results are the 410 
first to show that native ectoparasites can become a major threat to songbirds. They also 411 
highlight the need for baseline data about host-parasite systems, as well as a greater 412 
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understanding of ecological factors influencing parasite abundance and host-parasite 413 
dynamics in natural systems. 414 
 415 
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Table 4.1 
Summary of sample sizes and nest success (fledged at least one young) across nesting attempts (1st, 2nd or 3rd, and all combined) for forty-spotted and 
striated pardalotes nesting in boxes on Bruny Island, Tasmania, 2012–2015. Forty-spotted pardalote nests treated with insecticide are reported 
separately, and were all 1st attempts. Proportion of nestlings fledged and failed are are a fraction of the number of nestlings hatched. Proportion of 
nestlings that died with Passeromyia longicornis parasites present in the nest is a minimum estimate of nestling mortality linked to parasitism; 
parasites may have been present between checks in nests where they were unobserved. Proportion successful nests is a fraction of all nests in which 
laying was initiated. 
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Forty-spotted N 1 42 180 4.29 + 0.77 170 3.67 + 1.57 30 0.71 + 1.15 0.19 0.58 0.23 14 0.33 
Forty-spotted Y 1 11 49 4.45 + 0.52 47 4.27 + 0.47 41 3.73 + 0.90 0.87 0.00 0.13 11 1.00 
Forty-spotted N 2+ 27 111 4.11 + 0.58 104 3.85 + 0.77 20 0.74 + 1.23 0.19 0.58 0.23 10 0.37 
Forty-spotted N all 69 291 4.22 + 0.70 258 3.73 + 1.31 50 0.72 + 1.17 0.19 0.58 0.23 24 0.35 
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Figure 4.1 
Forty-spotted pardalote nestlings from Bruny Island, Tasmania, 2012. The nestling on the 
right is parasitised by Passeromyia longicornis larvae. Larvae are visible under the skin of 
the nestling, with their anterior protruding. 
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Figure 4.2 
Egg and nestling fates as a proportion of the total number of eggs laid across clutches of 
forty-spotted pardalotes (fumigated with insecticide [n = 49 young] or untreated [n = 179]) 
and striated pardalotes (all untreated; n = 215) nesting in boxes on Bruny Island, Tasmania, 
2012–2015. Eggs were lost due to inviability or destruction by striated pardalote competitors 
during nest takeover. Nestling mortality was divided into cause uncertain (nests in which 
parasitism was not observed and cause of mortality possibly included cold, starvation, 
disease, and parasitism) and parasitised nestling mortality (nestlings died in nests infested 
with Passeromyia longicornis). There was no evidence of predation in these nests.   
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Figure 4.3  
Results of a parasite-reduction experiment to assess the impacts of Passeromyia longicornis 
parasitism on forty-spotted pardalote nestlings in southeastern Tasmania, Australia, during 
the 2014/15 breeding season. Fumigated nests were sprayed with a permethrin-based 
insecticide to eliminate parasites. 11 nest attempts by 11 pairs were fumigated, and 19 nest 
attempts by 14 pairs were untreated controls. A) Effect of insecticide treatment on parasite 
intensity (parasites per nestling) estimated using a linear mixed effects model with treatment 
as a fixed effect and pair ID as a random effect. B) Effect of parasite elimination on fledging 
success (proportion of nestlings fledged per nest), estimated using a logistic regression 
model, with treatment as a fixed effect and pair ID as a random effect. All graphed values 
are back-transformations of the model output, and error bars show standard error. 
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Figure 4.4 
Effect of parasite intensity on probability of fledging in untreated nests for A) forty-spotted 
pardalotes and B) striated pardalotes nesting in boxes at Bruny Island, Tasmania, during the 
2013/14 and 2014/15 breeding seasons. Trend lines are the results of a generalised linear 
mixed effects regression model of probability of fledging (# fledged vs. # died), with 
parasite intensity, species, and year as fixed effects, and pair ID as a random effect. Parasite 
intensity was the maximum observed number of parasites per nestling for each nest attempt. 
Shaded regions are standard error.  
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Figure 4.5 
Comparison of parasite intensity (# parasites per nestling) in forty-spotted and striated 
pardalote nests in southeastern Tasmania, between two field seasons: A) 2013/14, B) 
2014/15. Error bars are standard error.   
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Figure 4.6 
Effects of hatching asynchrony on age-dependent nestling survival and parasite load. A) 
Probability of an individual nestling fledging dependent on parasite presence in the nest and 
relative sibling age. Estimates are based on a logistic regression model with a binomial 
response variable (fledged or not) and fixed effects of relative sibling age (older vs. younger), 
presence of parasites (present [49 nestlings] vs. absent [30 nestlings]), and their interaction. 
This analysis includes only forty-spotted pardalote nests in which hatching asynchrony 
occurred. B) Parasite load at first check (0-4 days old) across relative sibling age (older, 
younger, same). Same age nestlings were from nests which hatched synchronously (within 
one day). 
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CHAPTER 5. GHOSTS OF POPULATIONS PAST: CONSERVATION 
GENETICS OF ENDANGERED FORTY-SPOTTED PARDALOTES 
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5.1 Abstract 
Islands can become refuges for wildlife, but island populations often lack genetic 
diversity and suffer from inbreeding depression. Their potential to sustain the evolutionary 
potential of a species, or provide a supply of genetically diverse migrants or individuals for 
translocation is uncertain. This study examines genetic diversity, as well as population 
structure across an island-mainland network, and spatially within islands in the forty-spotted 
pardalote (Pardalotus quadragintus). Forty-spotted pardalotes are an endangered habitat-
specialist restricted to just three islands and several small mainland patches in eastern 
Tasmania, Australia. I collected DNA samples from 159 forty-spotted pardalotes throughout 
major populations at Maria Island, Bruny Island, and two mainland patches near Bruny 
Island, and developed a large SNP dataset using a genotyping-by-sequencing protocol. 
Despite having the largest population size, Maria Island had the least genetic diversity 
compared to the smaller southern populations at Bruny Island and mainland Tasmania. 
Analysis of admixture patterns identified Maria Island as a discrete population exchanging 
no migrants with the southern populations. In comparison, there was a higher rate of 
migration among Bruny Island and the two small mainland Tasmanian populations, which 
were separated by 1.4 – 5.6 km of water. Within the fragmented Bruny Island landscape, 
there was weak but significant spatial autocorrelation of genotypes over short distances (0 to 
1 km). There was no evidence of spatial autocorrelation within Maria Island, which is 
covered in continuous forest. I show that the two major remaining island refuge populations 
are genetically isolated from one another, and that the Bruny Island may be a source 
population sustaining small mainland patches. 
 
5.2 Introduction 
In a world of anthropogenic change and species invasions, offshore islands can 
become refuges for threatened species (Channell and Lomolino 2000a, Alacs et al. 2011). 
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Because of their separation, some islands escape the effects of human impacts or alien 
species. These peripheral populations can be the last surviving habitat for species with 
contracting ranges (Chanell and Lomolino 2000b). Reviews of endangered terrestrial 
mammals as well as New Zealand reptiles and amphibians have shown that populations on 
offshore islands have greater persistence than those on the mainland or larger islands 
(Towns and Daugherty 1994, Lomolino and Chanell 1995). Where dispersal exists between 
island and mainland populations, island refuges may become sources of migrants to small 
mainland populations. Island refuges have also been used as a resource for translocation 
projects aimed at restoring the abundance or genetic diversity of threatened and extirpated 
populations (e.g., Molles et al. 2008). However, small island populations can suffer from 
low genetic diversity, and inbreeding depression may reduce the value of islands as refuges 
for threatened species (Frankham 1997, Eldredge et al. 2004, Boessenkool et al. 2007).  
Genetic diversity in island regions is affected by factors including population size, 
dispersal among island-mainland networks, and spatial structuring within populations 
(Pannell and Charlesworth 2000). A linked network of island and mainland populations can 
form a genetically diverse meta-population (Harrison and Hastings 1996). However, island 
populations may become increasingly isolated if linking populations go extinct. Dispersal is 
key to these meta-population dynamics, helping to regulate patch-level extinction and 
recolonisation (Kodric-Brown 1977, Harrison 1991) through dispersal of individuals to 
maintain population size (Martin et al. 2000), or through gene flow to maintain genetic 
diversity (Harrisson et al. 2016). Most birds can disperse relatively long distances; however, 
geographic barriers such as ocean channels or gaps among habitat fragments can limit 
dispersal in some species (Barr et al. 2008, Moore et al. 2008). Some forest specialists 
cannot sustain flight for 100 m at stretch (Moore et al. 2008), and for resident forest birds, 
large stretches of water or cleared land may be a deterrent to dispersal.  
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In this study, I examine genetic diversity, population structure, and gene flow of 
endangered forty-spotted pardalotes (Pardalotus quadragintus) in a system of two island 
refuges and two small mainland populations. The species is a habitat and diet specialist, 
feeding mainly on a sugary substance called “manna”, which is excreted by Eucalyptus 
viminalis trees (Woinarski and Rounsevell 1983, Case and Edworthy 2016). As a result, 
forty-spotted pardalotes are restricted to forests containing E. viminalis (Woinarski and 
Rounsevell 1983). As habitat specialists, they are highly vulnerable to habitat loss and 
fragmentation (Owens and Bennett 2002, Henle et al. 2004, Clavel et al. 2010). Historically, 
forty-spotted pardalotes were likely distributed throughout E. viminalis forests and 
woodlands of eastern Tasmania, but following European settlement, these forests were 
cleared, and the range of forty-spotted pardalotes contracted to several remnant mainland 
Tasmania patches, Bruny Island, and Maria Island in the southeast of the state, and Flinders 
Island in the northeast (Rounsevell and Woinarski 1983; Bryant 2010).  
Current mainland populations of forty-spotted pardalotes contain fewer than 100 
birds in total (Bryant 2010), and are directly across a 1.4 to 5.6-km ocean channel from 
Bruny Island, which supports the second largest population (~450 birds) after Maria Island 
(~970 birds). Restricted species ranges and small populations are key predictors of 
extinction risk, and are linked to inbreeding depression as well as vulnerability to 
environmental and demographic stochasticity (Lande 1993; Manne et al. 1999; Keller and 
Waller 2002). Frankham et al. (2014) show that an effective population size of greater than 
100 is needed in order to limit inbreeding depression to 10% over five generations, and an 
effective population size greater than 1000 is required to maintain evolutionary potential. 
Thus, the mainland Tasmania populations of forty-spotted pardalotes may be at high risk of 
inbreeding depression and eventual extinction. It is uncertain whether dispersal from Bruny 
Island contributes to the population abundance or genetic diversity of mainland Tasmania.  
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Within regions there is a range of habitat fragmentation: Bruny Island and mainland 
Tasmania are fragmented by agricultural and residential land, whereas Maria Island is 
covered in continuous native forest. Forty-spotted pardalotes have relatively small 
wingspans for their body weight compared to striated pardalotes (Pardalotus striatus) or 
spotted pardalotes (Pardalotus punctatus), and possibly limited capacity to disperse across 
ocean, agricultural, or residential matrices (Woinarski and Bulman 1985). Thus, factors 
influencing genetic connectivity among populations may have important conservation 
implications for these habitat specialists.  
In this study, I collected DNA samples from 159 forty-spotted pardalotes caught 
throughout Maria Island, Bruny Island, and mainland Tasmania, covering their major 
remaining populations. I used genotyping-by-sequencing (Elshire et al. 2011, Toews et al. 
2015) to identify single nucleotide polymorphisms (SNPs), and use these data to 1) examine 
genetic diversity and population structure among Maria Island, Bruny Island, and mainland 
Tasmania, 2) test for differences in spatial genetic structure to indicate potential differences 
in population connectivity within island regions, and 3) compare analysis of a large SNP 
datasets with low coverage using relatively new analytical techniques based on genotype 
likelihoods, versus analysis of a smaller, dataset of high-confidence called genotypes. 
 
5.3 Methods 
5.3.1 Study sites and field methods 
I conducted fieldwork at Maria Island, Bruny Island, and mainland Tasmania (including 
habitat patches at Tinderbox Peninsula and Southport (Fig. 5.1), during three field seasons 
(August–February, 2012–2015). The forests throughout eastern Tasmania have been 
previously logged, and the study areas now contain regenerating native forest, with varying 
degrees of fragmentation. Maria Island is a national park, located 4 km from mainland 
Tasmania at the shortest crossing, and contains the largest population of forty-spotted 
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pardalotes, with ~970 individuals (Bryant 2010). Maria Island also contains the most 
Eucalyptus viminalis habitat of the three study areas (2030 ha), with E. viminalis stands 
embedded in continuous native forest (Bryant 2010). Bruny Island and the mainland 
Tasmania populations are 65 km south-west of Maria Island. Bruny Island supports ~450 
birds, and 1622 ha of E. viminalis habitat (Bryant 2010). Forests on Bruny Island are 
fragmented by farmland (mainly sheep paddock), residential development, and forest 
harvesting, resulting in 74 patches of 1–450 ha (median = 9 ha). About 46% of forty-spotted 
pardalote habitat on Bruny Island is protected by state reserves, other managed reserves, and 
private conservation covenants (Bryant 2010). Occupied habitat patches on mainland 
Tasmania are clustered near Bruny Island, with most birds found on or near Tinderbox 
Peninsula (118 ha of habitat, containing <100 birds). Tinderbox Peninsula is separated from 
the northern tip of Bruny Island by a 1.4-km ocean channel. I also sampled from Southport, 
5.6 km from the southern tip of Bruny Island. The population in the Southport region was 
only recently discovered (M. Webb, pers. comm.), and has not yet been systematically 
surveyed, but likely contains < 20 ha of habitat. Mainland Tasmanian habitats were 
fragmented by agricultural, residential, and industrial land, with about 45% protected in 
parks and reserves. 
 
5.3.2 Sample collection 
I sampled from locations spread throughout the study regions. Forty-spotted pardalotes 
were captured using mist nets (Ecotone, Gydnia, Poland). To avoid resampling individuals, 
birds were banded with an aluminum alloy band supplied by the Australian Bird and Bat 
Banding Scheme. Blood samples were collected by pricking the brachial vein with a 26-
gauge needle (Owen 2011). A 10–40 µL drop (< 1% of the bird’s total mass) was drawn into 
a capillary tube, and stored in Longmire’s buffer or 70% ethanol. 
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5.3.3 DNA extraction and genotyping 
DNA was extracted from blood samples using a high salt extraction protocol (Miller 
et al. 1988). I used the genotyping-by-sequencing protocol described in Elshire et al. (2011) 
to identify single nucleotide polymorphisms (SNPs) across the birds I sampled. Briefly, I 
created sequencing libraries by generating restriction fragments using the Pst1 enzyme, then 
ligating barcode adaptors unique to each sample to the resulting DNA fragments. Fragments 
were amplified using PCR (20 cycles), purified using QIAquick PCR Purification Kits 
(Qiagen, Hilden, Germany), and quantified using a Labchip GXII for quantification of DNA 
sample concentrations (PerkinElmer, Waltham, Massachusetts, USA). After DNA 
quantification, I pooled approximately equal amounts of DNA from each sample into a 
single library with a concentration of 6.75 pM in the 400–500 base-pair range. The pooled 
sample library was run on a gel, to isolate and cut out the 400–500 bp fragment range. The 
resulting library was spiked with 10% phiX and sequenced in 100 bp (paired end) reads in a 
HiSeq 2500 machine (Illumina, San Diego, California, USA).  
SNPs were identified from raw sequencing data using the UNEAK pipeline in the 
program TASSEL (Bradbury et al. 2007). The initial 182,790 SNPs identified in the 
sequencing data were filtered for paralogs by eliminating any SNP with observed 
heterozygosity (Ho) greater than 0.75. Samples with coverage for fewer than 10,000 loci 
were removed, as were loci with coverage in fewer than 30 samples. After filtering, I was 
left with 159 of the initial 166 individuals and 57,686 loci. I calculated genotype likelihoods 
for each possible genotype (AA, AB, BB) for each individual/locus combination from allele 
read depth information (UNEAK ‘.hmc’ output files) using a modified set of Perl scripts 
from White et al. (2013) based on methods described in Lynch (2009). This method allowed 
me to make the most of sequencing data and genotype uncertainty. However, the use of 
genotype likelihoods derived from large reduced-representation, low-coverage SNP datasets 
is new, and I also used a second, more conservative approach by selecting a reduced panel of 
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“high-confidence” called genotypes for comparison. Genotypes were called using the AIC-
based methods implemented in White et al. (2013), using the genotype likelihood data 
described above and calling a genotype when the ‘best’ genotype of the three possible 
options for each locus had a delta AIC greater than 4 compared to the second best-supported 
genotype. I selected the 100 loci best represented in the sequencing data across my samples, 
and deleted any samples that had missing data for more than 10 loci, leaving me with 97 
samples. I analysed both the genotype likelihood dataset and the called genotype dataset and 
present the results side-by-side for comparison. 
 
5.3.4 Genetic diversity 
For the genotype likelihood dataset, I converted genotype likelihoods to probability 
files using the Beagle version 3.3.2 software (Browning and Browning 2007), and used the 
“doMaf” option in the program ANGSD version 0.911 (Kim et al. 2011) to estimate allele 
frequencies from genotype probabilities. Using these allele frequencies, I calculated 
expected heterozygosity to examine patterns in genetic diversity across Maria Island, Bruny 
Island, and mainland Tasmania. For the 100 loci called genotype dataset, I calculated allele 
frequencies and expected heterozygosity in GenAlEx version 6.5 (Peakall and Smouse 2006). 
Because the results of these two methods were somewhat different, I also estimated allele 
frequencies and expected heterozygosity from the raw allele counts in the TASSEL output 
‘.hmc’ files. Although simple, this method avoids bias introduced by filtering criteria used to 
estimate genotype probabilities or called genotypes. 
 
5.3.5 Genetic differentiation using AMOVA in GenAlEx 
I used analysis of molecular variance (AMOVA) in GenAlEx 6.5 (Peakall and Smouse 
2006) to conduct a hierarchical analysis of genetic variation within populations, among 
populations within regions (ΦPR; by partitioning the Bruny Island, Tinderbox and Southport 
  
68 
68 
populations into the ‘Southern’ region and retaining Maria Island as a stand-alone region) 
and among regions (ΦRT) (Peakall and Smouse 2006). I calculated pairwise genetic distances 
between the sampling locations for individual birds. For genotype likelihoods, genetic 
distances were calculated using the program “ngsDist”, assuming non-independence of the 
genotypes (Vieira et al. 2016). For the 100-locus called genotypes, genetic distances were 
calculated using the genetic distance metric of Smouse and Peakall (1999). 
 
5.3.6 Population structure analysis 
5.3.6.1 ngsAdmix for genotype likelihoods 
To examine population structure and admixture among sampling areas I used the 
program “ngsAdmix” to assign individuals to populations based on genotype likelihoods 
(Skotte et al. 2013). I compared the fit of models with number of populations (K) of 2–4. I 
primarily selected models according to model likelihood but also present results of more 
than one model (K = 2 and K = 3) to investigate the biological information available from 
alternative model scenarios when likelihoods were close.  
5.3.6.2 STRUCTURE for called genotypes 
I used the program STRUCTURE v. 2.3.4 (Pritchard et al. 2000) to examine population 
structure and admixture for the 100 loci called genotype dataset. I ran models for K = 2–4 
scenarios, using a 100,000 iteration burn-in period, 400,000 subsequent iterations used in the 
MCMC calculations, and 10 repeat runs per scenario. The model allowed for admixture, and 
did not include prior population information. 
 
5.3.7 Spatial autocorrelation 
Within each island region (Bruny and Maria), I tested for spatial autocorrelation across 
distance classes with endpoints of 1, 5, 10, and 30 km, as well as a 60-km class for Bruny 
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Island (Smouse and Peakall 1999, Peakall et al. 2003). Genetic and geographic distances 
were compared using multi-locus spatial autocorrelation analyses in GenAlEx (Peakall and 
Smouse 2006). Estimates of standard error were calculated from 999 permutations and 95% 
confidence intervals were estimated from 999 bootstraps (Peakall and Smouse 2006). I used 
the statistical program R version 3.2.3 to estimate geographic distance matrices based on the 
Euclidean distance between locations where individuals were sampled (R Core Team 2015). 
For the genotype likelihood dataset, I calculate genetic distances used the program ngsDist 
version 1.2.7 (Viera et al. 2016), and the for the called genotype data set I used the genetic 
distance metric of Smouse and Peakall (1999) implemented in GenAlEx. 
 
5.4 Results 
5.4.1 Genetic diversity 
I obtained genotype likelihoods for 159 forty-spotted pardalotes for which I had 
adequate sequencing coverage across 57,686 loci. Estimates of expected heterozygosity 
based on genotype probabilities showed that genetic diversity was similar between 
Tinderbox Peninsula (0.45 ± 0.06 SD) and Bruny Island (0.45 ± 0.05), and lower at Maria 
Island (0.43 ± 0.07) (Table 1). Sample size at Southport was too small (n = 2) to estimate 
expected heterozygosity. These estimates were substantially different to those based on 
allele count data for the 57,686 loci, with an expected heterozygosity of 0.32 ± 0.15 at Bruny 
Island, 0.23 ± 0.19 at Tinderbox Peninsula, and 0.22 ± 0.20 at Maria Island. 
After filtering for individuals with high sequencing depth across 100 loci, I obtained 
called genotypes for 97 forty-spotted pardalotes. Expected heterozygosities from this dataset 
were similar in pattern to the genotype likelihood and ‘raw count’ analyses, but with lower 
overall magnitude: expected heterozygosity was slightly higher at Bruny Island (0.20 ± 0.13 
SD) than at Tinderbox Peninsula (0.19 ± 0.13), and substantially lower at Maria Island (0.15 
± 0.16) (Table 1). 
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5.4.2 Genetic differentiation using AMOVA in GenAlEx 
Analysis of molecular variance using genetic distances calculated from genotype 
likelihoods showed that regional differences between Maria Island and the southern region 
(ΦRT) explained 8% of the total genetic variance among individuals, and differences among 
populations within the southern region (ΦPR) explained 1% of the variance (Table 2). 
Pairwise comparisons of genetic distance detected differences between Maria Island and 
each of the southern populations (Table 3), as well as a difference between the Bruny Island 
and Tinderbox Peninsula populations (ΦPR = 0.011, P < 0.001).  
 Results using called genotypes were very similar to those using genotype 
likelihoods. Regional differences between Maria and the southern region (ΦRT) explained 9% 
of the total genetic variance, and differences among populations the southern region (ΦPR) 
explained 1% of the variance (Table 2). Pairwise comparisons of genetic distance among 
populations detected differences between Maria Island and each of the southern populations 
(Table 3), but not between the Bruny Island and Tinderbox Peninsula populations (ΦPR = 
0.002, P < 0.350). 
 
5.4.3 Population structure analysis 
5.4.3.1 ngsAdmix for genotype likelihoods 
I ran admixture analyses of genotype likelihoods for scenarios where the number of 
populations (K) was equal to two to four, and found that a scenario with three populations 
was best supported (Table 4), but I present the population assignment results for both two 
and three populations to aid interpretation. Both scenarios show clear separation between the 
Maria and southern populations but substantial admixture within the southern population 
across Bruny Island, Tinderbox Peninsula, and Southport (Fig. 5.2). For the K = 2 scenario, 
78 of 79 Bruny Island birds had an estimated ancestry coefficient of greater than 0.86 in the 
southern population, and one had apparent mixed ancestry with Maria Island (0.59). 
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Tinderbox Peninsula birds (n = 26) all had ancestry coefficients of ≥ 0.93 in the southern 
population, and the 2 Southport birds had ancestry coefficients > 0.91 in the southern 
population. All Maria Island birds had > 0.87 ancestry in the Maria Island population.  
Similar to the K = 2 scenario, the K = 3 scenario supported the presence of two 
genetic clusters throughout the southern mainland and Bruny Island populations. The third 
genetic cluster identified in this scenario had greater representation in the mainland 
populations, but also had substantial influence in the Bruny Island population (Fig. 5.2). 
Only six Bruny Island birds had ancestry coefficients > 0.95 in the cluster predominately 
represented in Bruny Island, and 72 Bruny Island birds had apparent mixed ancestry, with 
ancestry coefficients of between 0.07 and 0.37 in the cluster predominantly represented 
among mainland birds. One Bruny Island individual was assigned with greater than 0.95 
confidence to the mainland cluster, suggesting a putative first generation migrant. The two 
Southport birds had predominantly mixed ancestry between the two southern genetic 
clusters (approximately 0.6:0.4). Of the 26 Tinderbox birds sampled, four (15%) had 
ancestry coefficients of greater than 0.95 in the third genetic cluster, one was confidently 
assigned to the second cluster (predominantly found at Bruny Island), and the remainder 
shared mixed ancestry from the two southern genetic clusters. All Maria Island birds had 
ancestry coefficients > 0.87 in the Maria Island populations, and none had ancestry greater 
than 0.06 from either the southern or ghost populations. 
5.4.3.2 STRUCTURE for called genotypes 
Compared to the population assignments and ancestry resulting from analysis of 
genotype likelihoods using ngsAdmix software, analysis of called genotypes in 
STRUCTURE produced much greater variation in ancestry within sample regions, and 
population assignments were less confident. For called genotypes, the 2-population scenario 
failed to differentiate between the southern and Maria Island regions (Fig. 5.2). The 3-
population scenario produced similar results to analysis of genotype likelihoods, with Maria 
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Island clearly differentiated, and evidence of a third population throughout Bruny Island and 
the mainland populations (Fig. 5.2). 
 
5.4.4 Spatial autocorrelation 
Using genotype likelihoods, I detected positive spatial autocorrelation of genetic 
distances between birds sampled within Bruny Island, but not within Maria Island (Fig. 5.3A, 
B). The first distance class is known to be sensitive to variation in dispersal distances (Banks 
and Peakall 2012), and the correlation coefficient (r) for the 0–1 km distance class was 
0.008 ± 0.006 (95% CI) at Bruny Island and 0.003 ± 0.005 at Maria Island (Fig. 5.3A, B). 
The alternative analysis of called genotypes had much greater uncertainty, but also showed 
similar results for the 0–1 km distance class, with a correlation coefficient of 0.05 ± 0.04 (95% 
CI) at Bruny Island, and 0.03 ± 0.04 at Maria Island (Fig. 5.3C, D). 
 
5.5 Discussion 
5.5.1 Summary 
Despite its larger population size, Maria Island had the least genetic diversity of any 
of the populations sampled. Maria Island is the most isolated of the island populations 
(excluding Flinders Island, which was not sampled), and is separated from the mainland by a 
4-km channel, located 65 km north of the southern populations (Bruny Island, Tinderbox 
Peninsula, and Southport). In contrast, Bruny Island is just 1.4 km from mainland Tasmania 
populations located directly across the D’Entrecasteaux channel, and these southern 
populations showed greater genetic diversity. They were also genetically distinct from the 
Maria Island population, but had comparatively little genetic differentiation among 
themselves. Historically, forty-spotted pardalotes are thought to have been widespread 
throughout eastern Tasmania (Bryant 2010). While Maria Island currently supports the 
largest population of this species, it is likely that it has always been relatively isolated, 
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which may explain its lower genetic diversity. In contrast, the Bruny Island population may 
have received frequent immigrants from a larger, diverse mainland population until recent 
mainland population declines occurred. Alternatively, all populations may have been 
historically well connected and genetic drift within recently isolated populations may 
explain the differentiation between Maria Island and the southern populations around Bruny 
Island. A Bayesian coalescent analysis of demographic history may help to determine the 
time of divergence between these populations.  
Interestingly, analyses of population structure and admixture suggested the possible 
presence of a third genetic group, predominantly among the mainland southern populations. 
Potentially, this represents remnant genetic ancestry from an otherwise extirpated mainland 
population, and may contribute to the greater genetic diversity found in the southern 
populations compared with Maria Island. If this is the case, it is likely that the current small 
size of the mainland and Bruny Island populations would result in ongoing genetic drift and 
loss of this ‘historical contribution’ to genetic diversity in the region. The contemporary 
southern populations are also smaller than the Maria Island population, and I expect their 
genetic diversity may eventually decline below that found at Maria Island in the absence of 
intervention. Declining genetic diversity may negatively affect the fitness (Keller and Waller 
2002) and population trajectory of the species (O’Grady et al. 2006). 
 
5.5.2 Methodological comparison 
I compared results of analyses of two SNP datasets derived from the same 
sequencing data. The first used statistical methods to incorporate low coverage SNP sites 
and their associated uncertainty by estimating genotype likelihoods (Lynch et al. 2009, 
White et al. 2013). The second dataset was derived using a more conservative genotype 
calling method for SNPs with high sequencing coverage. Genotype likelihoods allowed 
inclusion of 57,686 SNP loci (as well as the retention of more individuals in the dataset), 
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compared with just 100 loci for the called genotypes, and unsurprisingly, results based on 
genotype likelihoods were much more precise than those based on called genotypes. This 
was particularly apparent in my population admixture and spatial autocorrelation analyses, 
where the general results were similar across analyses, but genotype likelihoods allowed 
detection of fine-scale patterns.  
Nevertheless, there were some issues with using novel methods. In particular, most 
available software was not designed to handle genotype likelihoods, and much of my 
analyses depended on software that is still in very early versions, lacking a user-friendly 
interface (e.g., requiring operation through a command line interface). Most results were 
largely concordant between datasets, but there was a substantial difference in the magnitude 
of expected heterozygosity estimates between methods using genotype probabilities, allele 
frequencies from called genotypes, and raw allele read count data. This may be a bias 
introduced through missing data or locus filtering, and I am exploring the sensitivity of 
genetic diversity estimates to locus filtering strategies and missing data. 
 
5.5.3 Insights into historical and contemporary population dynamics from genetic data 
Analysis of molecular variance showed that most genetic differentiation among the 
populations sampled was between the Maria Island population and the southern region 
(Bruny Island, Tinderbox Peninsula, and Southport), with little differentiation within the 
southern region. However, pairwise contrasts did detect minor genetic differentiation 
between the Bruny Island and Tinderbox Peninsula populations, suggesting that the 
D’Entrecasteaux channel is a weak barrier to gene flow. My admixture analysis supported 
these results: the 2-population scenario showed clear differentiation between the Maria 
Island and southern region, with no evidence of migrants across these regions. The 3-
population scenario also isolated Maria Island, but supported mixed ancestry from two 
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genetic clusters throughout the southern populations, with greater influence of the third 
genetic cluster in the mainland populations. 
Admixture analysis in programs like STRUCTURE (Pritchard et al. 2000) have 
been used to identify unsampled “ghost” populations (e.g., Beerli and Felsenstein 2001, 
Slatkin 2005). There is no reason that such analyses cannot also be used to detect the 
influence of an extirpated population (a true ghost). The southern populations all had 
admixture with a third population, which I interpret as ancestry from a once large and 
widespread, but now largely extirpated mainland population. The remnant mainland patches 
at Tinderbox and Southport showed slightly more evidence of mainland influence than the 
Bruny Island birds, again suggesting that the D’Entrecasteaux channel acts as a weak barrier 
to gene flow. However, ghost ancestry was in the minority throughout the southern region, 
which suggests that net dispersal from Bruny Island to mainland Tasmania has reduced the 
influence of mainland ancestry in remnant mainland populations. The potential loss of a 
large mainland population highlights the importance of islands as refuges for endangered 
forty-spotted pardalotes.  
Overall, my data indicate two possible demographic scenarios. First, a historical 
scenario of three populations, including populations from mainland Tasmania, Maria Island, 
and Bruny Island. In this scenario, Maria Island has likely always been isolated, but has 
remained relatively stable. Bruny Island and the mainland population are connected but the 
latter has been largely extirpated (as described above). The mainland population persists as 
relict genetic ancestry, kept extant through regular recruitment/admixture from Bruny Island. 
Migration from Bruny Island is potentially important for the persistence of mainland 
populations, but these populations may also act as a sink for the Bruny population. An 
alternative scenario is that the K = 2 models are correct, and the K = 3 result simply 
represents population substructure within a single Bruny Island/mainland population. In this 
scenario, the current forty-spotted pardalote distribution largely represents the historical 
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pattern. Brereton et al. (1997) used species environmental domain analysis to predict the 
area with suitable environmental conditions for forty-spotted pardalotes based on their 1997 
distribution. Although their analysis problematically failed to account for ecological factors 
influencing the contemporary distribution of forty-spotted pardalotes (e.g., forest clearing, or 
interactions with predators/competitors), Brereton et al. suggested that the species might 
always have been limited to the coastal lowlands where they are currently found (mainly on 
or near small islands). This interpretation aligns well with the K = 2 scenario; however, my 
population admixture analysis and genetic diversity results better support the former 
scenario (K = 3). An extension of this study will use an approximate Bayesian computation 
approach to resolve among alternative demographic histories. 
 
5.5.4 Genetic structure within populations 
While ocean channels and large scale geographic separation (e.g., 65 km between 
Maria and southern populations), have created genetic structure in forty-spotted pardalotes, 
there was less evidence of structure within island regions. Maria Island, which is covered in 
continuous native forest showed no evidence of spatial autocorrelation, but I detected weak 
spatial autocorrelation within Bruny Island, suggesting that habitat fragmentation may 
reduce gene flow in this population. It is important to note that simply sampling over a 
larger area may inflate correlation coefficients (r) in the first distance class at Bruny Island 
compared to Maria Island, and detection of a significant effect at Bruny, but not Maria 
Island, could be an artefact of the greater area sampled at Bruny. Broader sampling across a 
range of patch sizes and connectivity is required to determine the effect of forest habitat 
fragmentation on dispersal and gene flow of forty-spotted pardalotes. However, the available 
evidence suggests that revegetation to both expand available habitat and increase 
connectivity are useful conservation strategies for the species. 
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5.5.5 Population viability risks of isolation and loss of genetic diversity 
Populations with an effective size of fewer than 100 individuals are at high risk of 
inbreeding depression (Frankham et al. 2014), and inbreeding depression is common in wild 
populations (Keller and Waller 2002). The most recent population estimate at Tinderbox 
Peninsula was 42 individuals, and likely a substantially lower effective population size 
(Bryant 2010). The population at Southport was discovered in 2015, but no more than 3 
pairs have been detected in the area, and the population is likely fewer than 15-20 pairs (A. 
Edworthy, pers. obs.). Given these small population sizes, I would expect strong effects of 
inbreeding depression, or extinction due to environmental or demographic stochasticity. 
However, Mills and Allendorf (1996) show that one to ten migrants per generation can have 
highly beneficial effects on genetic diversity in small populations. Thus, migrants from 
Bruny Island may contribute to the genetic diversity of mainland populations, possibly 
counteracting the effects of inbreeding. Maria Island supports a larger population than Bruny 
Island, but is 4 km (in contrast to 1.4 km) from the mainland, which may prevent 
establishment or rescue of mainland populations near Maria Island. Population sizes on the 
islands may still be too low to maintain the evolutionary potential of forty-spotted pardalotes. 
Bruny Island supports fewer than 500 individuals and Maria Island supports just under 1000 
individuals, which are both below the threshold effective population size of 1000 generally 
required to maintain evolutionary potential (Frankham et al. 2014). Additionally, these 
islands are likely isolated from one another, separated by two ocean channels and 65 km of 
agricultural and urban development on mainland Tasmania. In general, islands are 
increasingly becoming the last refuges for many endangered species (Channell and 
Lomolino 2000a). Yet, the use of islands as source populations for recolonization of 
mainland regions, while maintaining the adequate genetic diversity in these systems is an 
unresolved problem in conservation biology. 
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Table 5.1 
Summary of genetic diversity within and among forty-spotted pardalote sampling regions in southeastern Tasmania. For comparison, results are presented for 
analysis of the genotype likelihoods dataset (57,686 loci across 159 individuals), the called genotypes dataset (100 loci across 97 individuals), and the raw 
sequencing data (182,790 SNPs across 166 individuals). 
Region Genotype likelihoods   Called genotypes               Raw sequencing data 
 
No. 
individuals 
Mean 
minor 
allele 
frequency 
Expected 
heterozygosity 
(± SD)  
No. 
individuals 
Average 
no. 
alleles 
per locus 
Observed 
heterozygosity 
Expected 
heterozygosity 
(± SD) 
                
No. 
individuals 
Expected 
heterozygosity 
(± SD) 
Bruny Island 79 0.56 0.45 ± 0.05  49 1.98 0.25 0.20 ± 0.13                 81 0.32 ± 0.15 
Mainland Tasmania 28 0.56 0.45 ± 0.06  18 1.90 0.23 0.19 ± 0.13                 30 0.23 ± 0.19 
Maria Island 52 0.57 0.43 ± 0.07   30 1.69 0.20 0.15 ± 0.16                 55 0.22 ± 0.20 
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Table 5.2 
Analysis of molecular variance among regions and populations in southeastern Tasmania. 
The southern populations included Southport, Tinderbox, and Bruny Island. For comparison, 
I provide results of analysis based on genotype likelihoods for 57,686 SNP loci across 159 
individuals, and on called genotypes for 100 loci across 97 individuals.  
Source df SS MS 
Estimated 
variance 
% of total 
variance 
Genotype likelihoods 
     Among Regions (Maria vs Southern) 1 1.51 1.51 0.017 8% 
Among Pops (Southern) 2 0.47 0.24 0.002 1% 
Within Pops 155 28.64 0.19 0.185 91% 
Total 158 30.62 
 
0.204 100% 
      Called genotypes 
     Among Regions (Maria vs Southern) 1 155.26 155.26 2.801 9% 
Among Pops (Southern) 2 67.26 33.63 0.286 1% 
Within Pops 93 2765.11 29.73 29.732 91% 
Total 96 2987.63 
 
32.819 100% 
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Table 5.3 
Pairwise genetic distance (ΦPT) among sampled populations of forty-spotted pardalotes in 
southeastern Tasmania. ΦPT values are shown below the diagonal (bolded if P < 0.05), and P 
values, P(random ≥ data) based on 999 permutations, are shown above the diagonal. For 
comparison, results are presented for analysis of both the genotype likelihoods dataset (57,686 
loci across 159 individuals) and the called genotypes dataset (100 loci across 97 individuals). 
Genotype likelihoods       
 
Tinderbox Bruny Maria 
Tinderbox 
 
< 0.001 < 0.001 
Bruny 0.011 
 
< 0.001 
Maria 0.104 0.093 
 
    Called genotypes 
   
 
Tinderbox Bruny Maria 
Tinderbox 
 
0.350 < 0.001 
Bruny 0.002 
 
< 0.001 
Maria 0.099 0.093 
  
  
  
87 
87 
Table 5.4 
Summary of admixture population assignment analyses using the program ngsAdmix (Skotte et 
al. 2013) for the genotype likelihood data set (57,686 SNPs across 159 individuals), and 
STRUCTURE (Pritchard et al. 2000) for called genotype dataset (100 SNPs across 97 
individuals). Individual forty-spotted pardalotes were sampled from 4 areas: Bruny Island, 
Southport and Tinderbox Peninsula on mainland Tasmania, and Maria Island. I show results for 
the number of populations (K) set to 2–4, including log-likelihood estimates L(K), and change in 
log-likelihood between values of K (L’(K)). The best-supported number of population groupings 
(K) is the one at which the log-likelihood begins to plateau (bolded). 
# K Genotype likelihoods   Called genotypes 
  
No. iterations 
to 
convergence L(K) L'(K)   
No. reps of 
structure 
runs 
Mean 
L(K) 
St. dev. 
L(K) L'(K) 
2 350 -8581192 NA 
 
10 -5492.76 1.76 NA 
3 500 -853985 7727207 
 
10 -5304.27 1.01 229.50 
4 1350 -850423 3562  10 -5348.33 123.24 0.14 
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Figure 5.1 
Map of southeastern Tasmania showing sampling locations of 159 forty-spotted pardalotes 
(white dots), including populations at Bruny Island, Southport, Tinderbox Peninsula, and Maria 
Island. Base map data were obtained from the Australian Department of Agriculture and Water 
Resources.  
Flinders)Is.
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Fig. 5.2 
Admixture population assignments for K = 2 and 3 populations. For comparison, I present 
results based on genotype likelihoods for 57,686 SNP loci analysed using the program 
ngsAdmix (Skotte et al. 2013), as well results based on called genotypes for 100 SNP loci 
analysed using the program STRUCTURE (Pritchard et al. 2000). Each bar represents an 
individual forty-spotted pardalote, and shading represents their population assignment 
probabilities. Vertical black lines separate sampling areas (Southport, Bruny Island, Tinderbox 
Peninsula, and Maria Island), and samples are ordered from south to north within these areas. 
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Fig. 5.2 
Results of spatial autocorrelation analysis showing correlation coefficients (r) between 
genetic (Φ) and geographic distances (km) of individual forty-spotted pardalotes sampled 
across Bruny Island (n = 79) (panels A & C) and Maria Island (n = 52) (panels B & D). For 
comparison, I provide results based on genotype likelihoods for 57,686 loci (panels A & B), 
as well as called genotypes for 100 loci (panels C & D). Correlation coefficients are plotted 
across distance classes. Error bars bound the 95% confidence interval about r as determined 
by bootstrap resampling. Dashed grey lines bound the 95% confidence interval about the 
null hypothesis of no spatial structure for the combined data set as determined by 999 
permutations.  
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CHAPTER 6.  BREEDING DENSITY OF ENDANGERED FORTY-SPOTTED 
PARDALOTES INCREASES IN RESPONSE TO NEST BOX ADDITION 
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6.1 Abstract 
Many cavity-nesting birds are limited by the availability of nest cavities in second-
growth and managed forests. The forty-spotted pardalote (Pardalotus quadragintus) relies 
on tree cavities for breeding, and currently occupies a total area less than 50 km2, all of 
which is second-growth forest. Scarcity of tree cavities in these forests may limit breeding 
opportunities for forty-spotted pardalotes. Here, I compare forty-spotted pardalote breeding 
density at sites with and without nest boxes on Bruny Island, Tasmania, as well as reference 
sites without nest boxes on mainland Tasmania and Maria Island. I also examine breeding 
success of forty-spotted pardalotes and their common competitors, striated pardalotes 
(Pardalotus striatus) between nest boxes and natural cavities. Mean breeding density was 
more than three times higher at sites with nest boxes (0.94 ± 0.15 [SE] pairs ha-1) than at 
control sites (0.27 ± 0.16  pairs ha-1). Occupancy of boxes was 31% by forty-spotted 
pardalotes and 19% by striated pardalotes. Clutch size of forty-spotted pardalotes was 17% 
higher in nest boxes than in natural cavities, but fledging success (probability of fledging at 
least one young) was not significantly different between nests types. Most nestling mortality 
occurred when nestlings were 0 to 9 days old, which was consistent with ectoparasite-
induced mortality. Overall these results show that nest box addition can strongly increase 
breeding density and site-level productivity of forty-spotted pardalotes, and are a promising 
conservation tool for the species. 
 
6.2 Introduction 
Tree cavities are a keystone resource for communities of cavity-nesting birds and 
mammals (Tews et al. 2004). However, these nesting resources are often scarce in managed 
forests (Wiebe 2011). At a global scale, large, old trees—a principal supply of cavities—are 
declining in abundance (Lindenmayer et al. 2012). The availability of tree cavities 
increasingly limits populations of many cavity-nesting birds (Newton 1994, Cockle et al. 
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2010, Wiebe 2011), and nest cavity limitation can be a threatening factor for endangered 
cavity-nesting species (e.g., Libois et al. 2012, Brazill-Boast et al. 2013).  
The forty-spotted pardalote (Pardalotus quadragintus) is an endangered cavity-
nesting bird, which almost always breeds in tree cavities, but has also been recorded using 
ground burrows (Woinarski and Bulman 1985). Prior to European settlement, its range is 
thought to have extended throughout Eucalyptus viminalis forests covering much of eastern 
Tasmania; but following land-conversion by European settlers, its range contracted to small 
islands and mainland patches in the southeast of the state, as well as Flinders Island in the 
northeast (Rounsevell and Woinarski 1983, Bryant 2010). All remaining forty-spotted 
pardalote habitat is second-growth forest. Tree cavities in this system are primarily formed 
by agents of decay, including fungus, insects, and fire, rather than by excavators (Gibbons et 
al. 2000). These cavities can take decades or centuries to regenerate (Lindenmayer and 
Franklin 1997), and remaining forty-spotted pardalote habitat lacks an abundant supply of 
nest cavities (A. Edworthy, pers. obs.). Although forty-spotted pardalotes are endangered 
and declining, the role of cavity availability in limiting their breeding productivity is 
unknown. 
Nest boxes allow us to artificially increase nest site abundance, and test the effects of 
cavity availability on breeding density of forty-spotted pardalotes. They are also widely-used 
as a conservation tool to provide breeding habitat for threatened cavity-nesting birds, but 
forty-spotted pardalotes have not previously been documented using boxes. Previous nest 
box addition experiments show that boxes can result in substantial increases in population 
abundance of endangered birds, such as the Gouldian finch (Erythrura gouldiae) and the 
Mediterranean storm petrel (Hydrobates pelagicus) (Libois et al. 2012, Brazill-Boast et al. 
2013). While nest boxes have clear positive benefits for reproductive success of some 
species, their impacts on breeding success can also be mixed. They may intensify 
competitive interactions (Mänd et al. 2005) or alter parasite abundance (Dawson et al. 2005b, 
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Olah et al. 2013). Cavity chamber dimensions and microclimate can influence reproductive 
success in boxes versus natural cavities (Van Balen et al. 1982). Deep chambers and narrow 
entrance diameters help to exclude predators and larger competitors (Dhondt and Eyckerman 
1980, Nilsson 1984). In natural cavities, interior cavity dimensions can limit clutch size, 
although this effect is usually restricted to large-bodied species (Karlsson and Nilsson 1977, 
Korpimäki 1985). Chamber material, thickness, and level of decay of the chamber walls 
influence cavity microclimate, which affects energy expenditure of incubating adults, as well 
as risk of hypo- or hyperthermia in nestlings (Wiebe 2001, Dawson et al. 2005b, Rhodes et 
al. 2009, Amat-Valero et al. 2014).).  
Nest boxes installed on Bruny Island in 2008, by the Tasmania Department of 
Primary Industries, Parks, Water, and the Environment, enabled me to study breeding 
density and nest success of forty-spotted pardalotes at sites with and without nest boxes. The 
aims of this study were to 1) investigate the effect of increased nest site availability on 
breeding density of forty-spotted pardalotes, 2) report nest box occupancy by forty-spotted 
pardalotes and striated pardalotes (Pardalotus quadragintus), and 3) assess breeding success 
of forty-spotted pardalotes in nest boxes versus natural cavities. 
 
6.3 Methods 
6.3.1 Study sites 
Study sites were made up of sections of forest containing Eucalyptus viminalis trees, 
surrounded by either native forest or cleared farmland (“patches”), and were located at 
Maria Island (6 patches; 42.65°S, 148.05°E), Bruny Island (12 patches; 43.10°S, 147.36°E), 
and Tinderbox Peninsula on mainland Tasmania near Bruny Island (4 patches; 43.04°S, 
147.32°E) (Table 1). Sites were selected to represent the distribution of forty-spotted 
pardalotes throughout southeastern Tasmania, and to represent habitat types including 1) 
forest dominated by Eucalyptus viminalis (“viminalis”), and 2) forest containing a mix of E. 
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viminalis, Eucalyptus pulchella, Eucalyptus globulus, Eucalyptus obliqua, Eucalyptus ovata, 
and/or Eucalyptus amygdalina trees (“mixed”) (Table 1). Bruny patches included both 
continuous and small forest patches surrounded by pasture. Maria Island patches were 
embedded in continuous native forest. Tinderbox Peninsula patches were spread the length 
of the peninsula ridge and lowland at the base of the Peninsula, surrounded by agricultural, 
residential, and industrial development.  
 
6.3.2 Nest box design and placement 
In 2008 (prior to this study) the Tasmanian Department of Primary Industries, Water, 
Parks and the Environment (DPIPWE) installed 100 nest boxes split between two patches on 
Bruny Island (Table 2). Of these boxes, 82 were within suitable forty-spotted pardalote 
habitat and were monitored for this study. There were also two existing boxes at Tinderbox 
Peninsula, installed by a landowner. Boxes installed prior to the study were defined as 
“established” boxes. In July 2013, I installed an additional 153 “new” boxes at 9 patches 
throughout Bruny Island, Tinderbox Peninsula, and Maria Island (Table 2). All established 
boxes and most new boxes were constructed from plywood with interior dimensions of 12 
cm x 12 cm x 30 cm, oriented horizontally (“rectangular design”; Fig. 6.1A). These 
rectangular design boxes had entrance diameters of 28-30 mm, and were painted army green 
for weather-proofing. This design is commercially available from La Trobe University 
(Melbourne, VIC, Australia), and is the standard box used for pardalotes across Australia. I 
also trialled a second box design, which had a five sided “pentagonal design” (Fig. 6.1B). 
These boxes had a PVC entrance tube 32 cm in diameter to restrict predator access, were 
constructed from unpainted Eucalyptus timber (e.g., red river gum) for durability and to help 
regulate temperature, and were unpainted. The established boxes were nailed to tree trunks 
at 4 to 7 m above the ground, and were placed two per tree, with 15 – 50 m spacing, 
resulting in patch-level densities of 3.30 to 3.40 boxes ha-1. The 153 new boxes were nailed 
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to trees 2 to 10 m above the ground. Because forty-spotted pardalotes are highly territorial, 
new boxes were placed one per tree, and spaced 25–30 m apart, resulting in densities of 1.80 
to 4.00 boxes ha-1 (mean = 2.90 ± 0.76 [SD] boxes ha-1).  
 
6.3.3 Nest monitoring and breeding density 
I located and monitored nests of forty-spotted pardalotes in nest boxes and natural 
cavities during three breeding seasons (August–January, 2012–2015). I also monitored nests 
of striated pardalotes that used nest boxes on the study sites. Nests in boxes were located by 
inspecting boxes every four days throughout the breeding season and nests in natural 
cavities were located by following birds back to their nests and checking old nest sites.  
Accessible nests were monitored using ladders (up to 7 m) or climbing ropes (up to 
30 m in sound, living trees). Inaccessible nests, such as those in unstable trees or branches, 
were monitored from the ground by observing the behaviour of the resident pair at their nest 
(e.g., bringing nest material, incubation switches, bringing food to nestlings, fledglings in 
area). At accessible nests, I used a burrowscope (Faunatech, Bairnsdale, VIC, Australia) to 
view nest contents. Burrowscopes were effective for counting eggs than nestlings because of 
the comparatively high reflectance and distinct boundaries of egg shells. I could generally 
determine whether nestlings were present or not using a burrowscope; however, they were 
difficult to count accurately. For nests in boxes, I removed from nest boxes to both count the 
number of nestlings present and assess parasite load. But because the burrowscope was the 
only way of counting nestlings in natural cavities, there was an inadequate sample size from 
these nests to compare number of nestlings hatched or fledged between nest types.  
All active nests were checked at least every four days until nestlings fledged or 
failed, including a post-fledging visit to ensure there was no evidence of mortality or 
depredation. Nestlings were assumed to have fledged if they were alive at the last nest check 
before their minimum nestling period, which is 26 days, and there was no evidence of 
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mortality. Because nest boxes were always inspected directly, whereas many natural cavity 
were inaccessible and monitored from the ground, I was able to detect nest failure late in the 
nestling period (e.g., between 26 and 40 days after hatching) in nest boxes, but not in natural 
cavities.  
At least one member of most breeding pairs was banded by the 2013 breeding 
season, allowing me to accurately estimate density of breeding pairs during the 2013 and 
2014 seasons. 
 
6.3.4 Sources of nest failure 
To detect nest predators, I placed camera traps at active nests, within 1 to 2 m of the 
cavity entrance. The camera model was TrophyCam HD Max (Bushnell, Overland Park, KS, 
USA), which are motion-triggered, with a 0.2 second trigger speed and infra-red night vision. 
I assessed abundance of the ectoparasitic fly Passeromyia longicornis in nest boxes and 
report these results in Chapter 4, but I was unable to accurately assess the presence or 
abundance of parasites in natural cavities. In this study, I monitored time of brood failure as 
an indicator of the relative impact of parasitism between nest boxes and natural cavities. 
Comparison of the pattern of brood failure time across boxes versus natural cavities is 
currently my best available method to determine whether fly larvae had similar impacts 
between these nest types. I believe this method was reliable in light of my findings that 1) 
predation was rare across boxes and natural cavities, and 2) ectoparasitic flies 
characteristically killed nestlings within the first 9 days of their 30-day nestling period. 
 
6.3.5 Statistical analysis 
Nest box occupancy was calculated separately for established boxes versus new 
boxes, by dividing the number of boxes used by the number of boxes available. Density of 
breeding pairs was calculated as the number of territories where pairs attempted to nest per 
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hectare. To explore possible effects of nest box addition on forty-spotted pardalote breeding 
density, I calculated the mean density of breeding pairs for patches with and without active 
nest boxes. For each patch, I took the mean of breeding densities across the 2013 and 2014 
breeding seasons (these seasons had reliable estimates) to obtain a single value. Patches with 
active boxes were those where nest boxes had been installed and were being used by forty-
spotted pardalotes (there was usually a 2+ year lag time between installation and occupation, 
making newly installed boxes functionally unavailable at most patches). I did not have 
breeding densities prior to installation of established nest boxes, and new boxes were only 
taken up at one patch during this study, so I could not be sure whether breeding densities 
increased after addition of boxes. 
I tested for an effect of nest type (box vs. natural) on clutch size using a linear mixed 
effects model, with clutch size as the response variable, nest type and attempt number (1, 2+) 
as fixed effects, and box or cavity ID as a random effect. I assessed the effect of nest site on 
nest success using a mixed effects logistic regression model, with nest success (fledged vs. 
failed) as the response variable, nest type (box vs. natural) and attempt number as fixed 
effects, and box or cavity ID as a random effect.  
Patterns of brood failure time were examined using Kaplan-Meier survival curves 
(Kaplan and Meier 1958). I used a Cox proportional hazards model to assess relative risk of 
brood failure in boxes versus natural cavities (Therneau and Grambsch 2000). Because I was 
unable to detect failures that occurred past the minimum number of days to fledging in 
natural cavities which were monitored from the ground, these cavities were censored after 
their final check prior to the minimum fledging period.  
I report standard error in the results unless otherwise indicated. All analyses were 
conducted using the statistical program R, including the “lme4”, “survival”, and “rms” 
packages (Bates et al. 2015, Harrell 2015, R Core Team 2015, Therneau 2015). 
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6.4 Results 
6.4.1 Breeding density 
Because new nest boxes were only occupied at a single patch during this study, my 
analysis of the effects of nest box addition on breeding density is preliminary and 
exploratory. At the single patch where I had breeding density data before and after nest 
boxes became active, breeding density of forty-spotted pardalotes increased from 0.00 to 
0.60 pairs ha-1 (3 pairs in a 5-ha patch). Combined with the 2 patches with established nest 
boxes, there were a total of 3 patches with active nest boxes, and 20 patches without active 
nest boxes (Table 1). Mean breeding density was 0.94 ± 0.15 pairs ha-1 at patches with active 
nest boxes and 0.33 ± 0.06 pairs ha-1 at patches without active nest boxes.  
6.4.2 Nest box occupancy by forty-spotted pardalotes and their competitors 
I monitored 82 established boxes within forty-spotted pardalote habitat, and 
occupancy was 31% by forty-spotted pardalotes, 19% by striated pardalotes, and 47% 
overall (occasionally pairs of different species used the same box within a season) (Table 2). 
I also monitored 153 new boxes installed in July 2013. During the subsequent breeding 
seasons (2013, 2014) these new boxes were occupied at just a single patch (Murrayfield 16), 
where up to three boxes (17%) were used by forty-spotted pardalotes and up to nine (50%) 
by striated pardalotes. Additionally, two of the pentagonal design boxes were occupied by 
tree martins (Petrochelidon nigricans) on Maria Island in 2015. Occupancy rates of new 
boxes were 2% by forty-spotted pardalotes, 5% by striated pardalotes, 1% by tree martins, 
and 7% overall. All forty-spotted and striated pardalote nests were in rectangular boxes. 
 
6.4.3 Nest productivity in boxes versus natural cavities 
I obtained clutch size from 91 nests in boxes and 21 nests in natural cavities; clutch 
size ranged from 2 to 5 eggs, with a median of 4. Results of a linear mixed effects model 
showed that mean clutch size was 17% greater in nest boxes than in natural cavities 
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(difference = 0.62 ± 0.18 eggs, c2 = 10.63, d.f. = 1, P = 0.001) (Table 3). Second and third 
nesting attempts tended to have smaller clutch sizes (Table 3), but this effect was non-
significant (difference = 0.27  ± 0.14 eggs, c2 = 3.72, d.f. = 1, P = 0.053). 
I assessed fledging success (fledged at least one young vs. failed) for 69 nests in 31 
boxes and 19 nests in 17 natural cavities. Fledging success was not significantly different 
between nest boxes and natural cavities (Fig. 6.2), with an overall probability of fledging of 
0.36 ± 0.06 in boxes and 0.21 ± 0.12 in natural cavities (z = -1.18, P = 0.237).  For first 
nesting attempts (n = 52), the probability of fledging was 0.38 ± 0.08 in boxes versus 0.22 ± 
0.14 in natural cavities (z = -0.14, P = 0.892) (Fig. 6.2). The effect of nest attempt on 
probability of fledging was non-significant (z = -0.41, P = 0.679).  
Kaplan-Meier survival curves showed that the majority (74%) of brood failure occurred 0 to 
9 days after hatching (Fig. 6.3). Cox proportional hazards modelling showed that brood 
survivorship was not significantly different between nest boxes and natural cavities 
(likelihood ratio test = 3.67, d.f. = 1, P = 0.055) (Fig 6.3). 
I obtained 193 camera-trapping days at 11 nest boxes and 1042 days at 30 natural 
cavities. Predation rates were very low, with none at nest boxes and just one at a natural 
cavity, where a brushtail possum (Trichosurus vulpecula) depredated a full brood on Maria 
Island. Brushtail possums and ringtail possums were captured on camera inspecting both 
nest boxes and natural cavities, and sugar gliders (Petaurus breviceps) were observed at 
natural cavities on mainland Tasmania, but these prospective predators were typically too 
large to access eggs or nestlings. The single depredated cavity was located in highly decayed 
wood, which allowed a brushtail possum to rip open the cavity entrance. I did not detect any 
additional evidence of predation (e.g., ripped open boxes or cavities, destroyed nest material, 
broken eggshells) at either nest boxes or natural cavities.    
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6.5 Discussion 
Availability of nest boxes may be a key factor limiting the abundance of forty-
spotted pardalotes. Breeding density of forty-spotted pardalotes was more than three times 
higher at sites with boxes than at reference sites without boxes. Clutch size was 17% higher 
and nest success was similar in boxes compared to natural cavities; thus, nest boxes are a 
promising tool for increasing the productivity of forty-spotted pardalote populations. This is 
the first study to show that forty-spotted pardalotes will use nest boxes at all, and suggests 
that broader-scale nest box addition could result in strong increases in population abundance. 
Because all remaining forty-spotted pardalote habitat is second growth (Brown 1986), and 
cavity-limitation is a common problem in these forests (Newton 1994), broader-scale nest 
box addition could be used to increase populations of forty-spotted pardalotes as well as to 
extend the species distribution to young forests which lack cavities but provide quality 
foraging habitat. However, this study of breeding density was observational, and a nest box 
addition experiment comparing population abundance of forty-spotted pardalotes before and 
after box addition, and against control sites, would provide a stronger test of cavity 
limitation. 
 Striated pardalotes are the competitively dominant species in contests for nest 
cavities (Edworthy 2016), and striated pardalotes can usurp forty-spotted pardalote pairs 
nesting both boxes and natural cavities (Chapter 2). Nonetheless, forty-spotted pardalotes 
achieved greater nest box occupancy than striated pardalotes at the study sites. Boxes were 
installed at densities of 2 to 4 per ha, which is well above the usual 1 ha territory size of a 
forty-spotted pardalote, and likely came close to saturating the habitat with cavities for both 
forty-spotted and striated pardalotes (Woinarski and Bulman 1985). At sites with established 
nest boxes, one of nearly every pair of boxes installed per tree was occupied by pardalotes. 
Forty-spotted pardalote pairs occasionally shared a tree with a striated pardalote pair (at sites 
with boxes installed 2 per tree, 5 of 41 box pairings were shared), but never another forty-
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spotted pair. Foraging niche overlap between these species is uncertain, but forty-spotted 
pardalotes are diet specialists and striated pardalotes are generalists, and they may be able to 
coexist relatively well where nest sites are abundant (Woinarski and Rounsevell 1983, Case 
and Edworthy 2016). In other systems, nest boxes occasionally have the unintended effect of 
attracting an aggressive competitor; for example, house wrens are highly successful in nest 
boxes, and destroy nests of weaker competitors within their territory (Kennedy and White 
1996). However, in Tasmania, takeover rates of forty-spotted pardalote nests by striated 
pardalotes are similar at sites with nest boxes (Bruny Island; 15% usurped), compared with 
sites without nest boxes (Tinderbox Peninsula; 17% usurped), although there were not 
takeovers at Maria Island, which also lacked active nest boxes (Edworthy 2016). 
Previous attempts at nest box provision in southeastern Tasmania failed to attract 
forty-spotted pardalotes, likely due to the long (2+ season time) lag before occupancy and 
lack of long-term monitoring (Milledge 1978, Woinarski and Bulman 1985). Of the 153 new 
boxes installed in July 2013 across 9 patches, most (151) had yet to be used by forty-spotted 
pardalotes after two subsequent breeding seasons. There were, however, high occupancy 
rates in new boxes at a single patch (Murrayfield 16), where up to 17% were occupied by 
forty-spotted pardalotes and 50% by striated pardalotes (n = 18 boxes). At this patch 
breeding density of forty-spotted pardalotes increased from none to 0.60 pairs ha-1. The 
aggregated pattern of nest box occupancy across patches suggests that there may be a social 
aspect to uptake of nest boxes by pardalotes. 
Clutch size of forty-spotted pardalotes was 17% larger in nest boxes than in natural 
cavities. In some cavity-nesting bird species, clutch size is positively related to the 
dimensions of the nest chamber (Karlsson and Nilsson 1977, Korpimäki 1985), and many 
natural cavities used by forty-spotted pardalotes had small interior dimensions (often limited 
by the size of a dead branch spout). Additionally, some species adjust their investment in a 
clutch or brood depending on perceived quality of their nest site (Eggers et al. 2006, 
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Heinsohn et al. 2011). Thus, if forty-spotted pardalotes considered nest boxes to be 
relatively safe or high quality nest sites compared to the available natural cavities, they may 
have invested more heavily in clutch size as a result. A confounding factor of the clutch size 
analysis was that most occupied nest boxes were at Bruny Island, and conditions on this 
island may have contributed to higher clutch sizes; however, all regions contained a range of 
habitat types, and there was no evidence that the Bruny habitat was superior to that on Maria 
Island or Tinderbox Peninsula.   
The timing and rate of nest failure between nest boxes and natural cavities suggests 
that the impact of parasites on nestling mortality was similar between these nest types. 
Almost all nestling mortality occurring between hatch day and 9 days of age. Such early nest 
failure was characteristic of ectoparasite-induced mortality in nest boxes (where I could 
easily observe nestlings and parasites). In contrast, in systems where predation is a 
substantial source of nestling mortality, predation risk is typically greatest later in the 
nestling period as activity at the nest increases (Martin et al. 2000). Thus, the pattern of early 
mortality in both nest boxes (where we know parasitism is the primary source of mortality) 
and natural cavities provides evidence that parasites have similar impacts across nest types. 
Previous studies comparing ectoparasite abundance across nest boxes versus natural cavities 
have found either similar or elevated parasite loads in nest boxes. Mountain bluebirds 
nesting in wooden boxes had similar ectoparasite loads compared to those nesting in old 
woodpecker holes in Michigan, USA (Pinkowski 1977). In contrast, Scarlet Macaws in Peru 
had higher botfly prevalence per nestling when using PVC or wooden nest boxes (39% of 
nestlings parasitized) compared with natural cavities (11% parasitized) (Olah et al. 2013). 
Differences in microclimate or nest visibility (e.g., Eadie et al. 1998) may contribute to the 
higher parasite abundance sometimes seen in nest boxes. Further research is needed to 
identify the factors influencing parasite load and how these differ between nest boxes and 
natural cavities.  
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While ectoparasites appear to be the main source of mortality in both boxes and 
natural cavities, I detected several other sources of mortality (which collectively killed 8% 
of nestlings in boxes; Chapter 4). Extended periods of cold and rainy weather occasionally 
resulted in nestling death, likely from hypothermia. In January 2013, temperatures greater 
than 40˚C resulted in failure of several nests. Predation rates were very low in both boxes 
and natural cavities (0 and 1 predation events detected in three years, respectively). This 
result contrasts with another small-bodied Tasmanian bird, the swift parrot (Latamus 
discolor), which are heavily depredated by sugar gliders (Petaurus breviceps); probability of 
fledging is 17% on mainland Tasmania, where gliders are present, versus 100% on Maria 
Island, where gliders are absent (Stojanovic et al. 2012). Sugar gliders are introduced to 
Mainland Tasmania, but have not yet spread to Bruny or Maria Island, and thus, most 
populations of forty-spotted pardalotes are currently safe from these predators. However, 
gliders may have played a role in the historical decline of forty-spotted pardalotes on 
mainland Tasmania, and continued monitoring of remaining mainland nests for predation by 
gliders is a priority for future research.  
 
6.5.1 Conclusions 
Nest boxes are an important conservation tool for restoring the availability of nest 
cavities and provide nest sites that are similar quality than natural cavities in this system. 
Installation of nest boxes in young forests lacking the senescent trees which provide an 
abundant supply of cavities (Gibbons et al. 2000) may help to expand of the distribution of 
forty-spotted pardalotes. Eucalyptus viminalis saplings provide quality foraging habitat for 
forty-spotted pardalotes within 15-20 years of planting (T. Cochrane, pers. comm.), but 
these young trees lack suitable cavities. Nest boxes can provide this critical nesting habitat, 
and allow forty-spotted pardalotes to colonise very young habitat. Finally, nest boxes 
provide an excellent opportunity to involve local residents in conservation of forty-spotted 
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pardalotes and other bird species. As seen with project NestWatch and grassroots Bluebird 
Trail groups across North America, community members can play a critical role in box 
maintenance, habitat conservation, and restoration of local species (Zeleny 1978, Phillips 
and Dickinson 2008).  
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Table 6.1 
Summary of patch forest types, site areas, nest boxes, number of breeding forty-spotted pardalote pairs, and density of breeding pairs at study sites in 
southeastern Tasmania (Aug-Jan 2012-2015). “Viminalis” forests were dominated by Eucalyptus viminalis, the main forage tree for Forty-spotted 
Pardalotes, and ‘‘mixed’’ forests were a mix of Eucalyptus species including E. viminalis, E. globulus, E. pulchella, E. obliqua, E. amygdalina, 
and/or E. ovata. Sites with active boxes were those where nest boxes were present and used by forty-spotted pardalotes. Established boxes were 
installed in 2008. New boxes were installed in July 2013, and were not active at most sites because of the usual lag time between installation and 
occupancy by pardalotes. For number of breeding pairs, (+) indicates that the value is a minimum estimate, and “U” indicates that the site was not 
monitored. Mean breeding densities were calculated with just 2013 and 2014 as I had the best estimates for these years. Uncertainties are standard 
deviation. 
Region 
Active 
nest 
boxes Patch name 
Forest 
type 
Site 
area 
(ha) 
No. 
established 
nest boxes 
No. new 
boxes No. breeding pairs 
Mean density of 
breeding pairs, 
2013-2014 
       
2012 2013 2014 
 Bruny Island Yes Dennes Viminalis 10 32 0 11 11 12 1.15 
  
South Waterview Viminalis 15 50 0 13 17 15 1.07 
  
Murrayfield 16 Mixed 5 0 18 0 3 3 0.60 
Mean density at Bruny patches with active boxes 
      
0.94 ± 0.24 
           Bruny Island No Murrayfield 22 Mixed 4 0 0 U U 2 0.50 
  
Murrayfield 26 Mixed 8 0 0 1 0 0 0.00 
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Murrayfield 27 Mixed 6 0 0 1 U 1 0.17 
  
Murrayfield 31 Mixed 6.5 0 21 2 1 2 0.23 
  
Murrayfield 33 Mixed 6 0 12 2 1 3 0.33 
  
McCracken's Gulley Mixed 8.6 0 0 4 3 4 0.41 
Mean density at Bruny patches without active boxes 
     
0.27 ± 0.16  
           Tinderbox Peninsula No Peter Murrell - North Viminalis 8.5 0 0 1 1 1 0.12 
  
Peter Murrell - South Viminalis 8.5 0 31 1 0 1 0.06 
  
Ridge - North Mixed 20 0 0 4 (+) 7 6 0.33 
  
Ridge - Magazine Viminalis 6 0 18 0 0 0 0.00 
  
McGowan's Gulley Viminalis 12 0 0 1 (+) 3 3 0.25 
  
Piersons point Viminalis 5 2 8 U 2 2 0.40 
Mean density at Tinderbox 
    
0.19 ± 0.14 
           Maria Island No Alex House Mixed 6 0 0 4 4 4 0.67 
  
Painted Cliffs Viminalis 2 0 8 0 0 0 0.00 
  
Bull Creek Mixed 2 0 0 1 1 0 0.25 
  
Coxswain Creek Mixed 6 0 17 2 1 3 0.33 
  
Snake Fern Viminalis 3 0 0 U 1 2 0.50 
  
Isthmus - South Viminalis 10.5 0 21 5 (+) 9 9 0.86 
  
Isthmus - North Viminalis 8.5 0 0 5 (+) 8 7 0.88 
Mean density at Maria 
     
0.50 ± 0.30 
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Table 6.2 
Nest box occupancy across study areas (Bruny Island, Maria Island, Tinderbox Peninsula), years (2012-2014), and species (forty-spotted pardalote 
[FSPA], striated pardalote [STPA]). A total of 82 boxes were established prior to the study (installed in 2008; “Previously established boxes”), and 
were all the rectangle design. An additional 153 boxes were installed in July 2013 (“New boxes”), of which 145 were the rectangular design, and 
eight were the pentagonal design. There were no previously established boxes on Maria Island.  
Area Year Previously established boxes New boxes 
    
# boxes 
monitored 
# used by 
FSPA (%) 
# used by 
STPA (%) 
Total # 
used (%) 
# boxes 
monitored 
# used by 
FSPA (%) 
# used by 
STPA 
(%) 
# used by 
tree martins 
(%) 
Total # 
used 
Bruny 2012 68 19 (28) 3 (4) 22 (32) 0 
    
 
2013 81 26 (32) 20 (25) 40 (49) 51 3 (6) 4 (8) 0 (0) 7 (14) 
 
2014 81 25 (31) 21 (26) 44 (54) 52 2 (4) 9 (17) 0 (0) 9 (17) 
Maria 2012 0 
   
0 
    
 
2013 0 
   
46 0 (0) 0 (0) 0 (0) 0 (0) 
 
2014 0 
   
46 0 (0) 0 (0) 2 (4) 2 (4) 
Tinderbox 2012 0 
   
0 
    
 
2013 1 1 (100) 0 (0) 1 (100) 57 0 (0) 0 (0) 0 (0) 0 (0) 
  2014 1 1 (100) 1 (100) 1 (100) 56 0 (0) 2 (4) 2 (4) 5 (9) 
Total  232 72 (31) 45 (19) 108 (47) 308 5 (2) 15 (5) 2 (1)a 23 (7) 
aTwo tree martins nested in pentagonal boxes; all other nests were in the rectangular box design.
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Table 6.3  
Summary of mean clutch size of forty-spotted pardalotes nesting in boxes versus natural 
cavities in southeastern Tasmania (Aug–Jan, 2012–2015). Mean clutch size and standard 
errors were estimated using a linear mixed effects model, with nest type and attempt number 
as fixed effects, and box or cavity ID as a random effect.  
Nest type Attempt no. 
No. 
attempts 
No. unique 
nest sites 
Mean clutch size 
(± SE) 
Box 1 42 27 4.30 ± 0.13 
Box 2+ 27 18 4.03 ± 0.12 
Natural 1 10 9 3.68 ± 0.13 
Natural 2+ 11 9 3.41 ± 0.12 
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Figure 6.1 
Nest box designs trialled for forty-spotted pardalotes. A) Rectangular box, showing interior dimensions. Constructed from 1.1 cm thick plywood. The 
front panel was hinged to allow access. B) Pentagonal box showing side view (with exterior dimensions) and top views (with interior diminsions). 
Constructed from 1.3 cm thick Eucalyptus timber. Includes a circular face plate a PVC entrance tunnel to deter access by predators. The top panel was 
a removable lid. 
5.5 cm
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32 mm
16 cm
13 cm
22 cm 18 cm
25 cm 12 cm
12 cm
30 mm
A B
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Figure 6.2 
Probability of forty-spotted pardalote nests fledging one or more young in nest boxes versus 
natural cavities at sites in southeastern Tasmania (Aug–Jan, 2012–2015). Estimates are 
based on a mixed effects logistic regression, with nest success (fledged, failed) as the 
response variable, and nest type (box, natural cavity) and attempt number (1, 2+) as fixed 
effects and box or cavity ID as a random effect. Reported means are averaged across first 
and second nest attempts, and error bars show standard error.  
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Figure 6.3 
Survival curves for forty-spotted pardalote broods nesting in nest boxes (dotted line) versus 
natural cavities (solide line) at Bruny Island, Tasmania (Aug–Jan, 2012–2015). Brood 
survivorship is the proportion of broods with at least one nestling present, given brood age 
(time since hatching; hatch day = 0). Shaded regions are 95% confidence intervals. Broods 
in natural cavities were assumed fledged if they survived to the last check within four days 
of the minimum fledging period of 26 days. 
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CHAPTER 7. CONCLUSION 
7.1 Newly Identified Threats to Forty-spotted Pardalotes 
Historically, the major cause of range contraction and population decline of forty-
spotted pardalotes (Pardalotus quadragintus) was habitat loss (Bryant 2010). However, this 
study shows that major current threats to forty-spotted pardalotes are parasitism and nest site 
limitation. Parasitic fly larvae (Passeroymia longicornis) killed 81% of nestlings (Chapters 
3,4), which may be an unsustainable level of mortality, especially for relatively isolated 
pardalote populations on mainland Tasmania. Additionally, increased breeding density in 
response to nest box addition suggest that the availability of hollows for nesting limits forty-
spotted pardalote populations. The problem of nest hollow limitation was exacerbated by 
competition with a closely related, but slightly larger competitor, the striated pardalote 
(Pardalotus striatus). Throughout their southeastern range, 10% of forty-spotted pardalote 
nests were usurped by striated pardalotes, and this number was 17% at a site where striated 
pardalotes were much more abundant than forty-spotted pardalotes (Chapter 2; Edworthy 
2016). Together, current threats may be generated by small population sizes and genetic 
isolation of these populations. Bruny and Maria Island populations are each <1000 birds, 
and the mainland Tasmania population likely numbers fewer than 100 birds (Bryant 2010). 
Genetic results showed that populations on Maria Island and in the southeast (Bruny Island 
and nearby mainland Tasmania) were genetically isolated from one another (Chapter 5). 
Isolation increases the chance of inbreeding and genetic drift, which may increase 
susceptibility to parasitism and disease, as well as to stochastic events such as wildfire 
(Lande et al. 2003). Changing environmental conditions may also contribute to current 
threats to forty-spotted pardalotes. Warming temperatures can increase the rate of parasite 
life cycles, increasing abundance of invertebrate parasites relative to their vertebrate hosts 
(Kutz et al. 2005). Additionally, regenerating and managed forests tend to have far fewer 
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hollows than unmanaged forest, and all remaining forty-spotted pardalote habitat is 
regenerating forest (Wiebe 2011). Both heavy parasitism and nest hollow limitation 
suppressed breeding success, and because hollow-nesting birds invest heavily in individual 
nesting attempts, these threats may have a negative impact on the population trajectory of 
forty-spotted pardalotes (Wiebe et al. 2006).  
 
7.2 Management Implications 
Forty-spotted pardalotes face enormous challenges to their survival, but there are 
positive actions managers can take to mitigate the threats identified in this thesis. For 
example, nest boxes are a promising conservation tool for forty-spotted pardalotes (Chapter 
6). This was the first study to show that forty-spotted pardalotes will occupy nest boxes at all, 
and also showed that pairs nesting in boxes had increased clutch sizes and a non-significant 
tendency toward increased fledging success compared with pairs nesting in natural hollows. 
Nest boxes rapidly restore the availability of nesting hollows in young forests, and may help 
to expand the distribution of forty-spotted pardalotes into forests which provide a healthy 
food supply but lack natural cavities. To start a more widespread program of nest box 
addition and community engagement, I collaborated with the Bruny Island Environmental 
Network to create a nest box sponsorship program involving more than 45 sponsors. The 
Bruny Island Men’s Shed and ANU furniture students designed and built 260 nest boxes 
which were installed across Bruny Island, Maria Island, and Tinderbox Peninsula. In North 
America, citizen science nest box programs, such as the Bluebird Trail, have reversed 
species’ declines in regions across the continent (e.g., Zeleny 1978), and similar programs in 
Tasmania have the potential to do the same. 
Ectoparasitic flies are a second major management concern. In small habitat patches 
where just a couple of pairs breed each year, fly ectoparasites can reduce patch level 
productivity to zero. Fly control may be an important conservation strategy in vulnerable, 
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isolated habitat patches, such as those on mainland Tasmania. In 2014, I used a bird-safe 
insecticide to eliminate almost all parasites from the nest (Chapter 4). Insecticide treatment 
increased fledging success to 89% of nestlings, compared to just 8% of nestlings in 
untreated nests. Ideally, use of insecticide will be combined with a fuller understanding of 
the forest conditions that lead to high parasites loads. By doing so we can manage pardalote 
habitat with the goal of reducing the impact of ectoparasitic flies. 
In addition to managing immediate threats from competition for limited nesting 
hollows and high mortality from ectoparasites, long-term conservation of forty-spotted 
pardalotes must protect and restore E. viminalis habitat. Replanting forests with E. viminalis 
will help to expand suitable habitat, and aid in the dispersal of young birds into new 
territories.  
 
7.3 Directions for Future Research 
The ecological factors driving high parasite virulence in this system are a priority for 
future research. In other systems, researchers are beginning to show that avian ectoparasite 
abundance is influenced by climate and habitat variables (e.g., Dudaniec et al. 2007, 
Antoniazzi et al. 2011), and may be increasing in response to climate change (Møller et al. 
2013). Passeromyia longicornis is a Tasmanian endemic, and little is known about its 
ecology or host selection. Future studies could use fly traps to determine their distribution 
and abundance across habitats. Longer-term study of parasite load and mortality of nestlings 
is needed to determine the influence of climate variables on host-parasite interactions in this 
system. Additionally, the comparison between forty-spotted and striated pardalotes may help 
us understand whether fly parasites cause unsustainable mortality in forty-spotted pardalotes. 
Like forty-spotted pardalotes, striated pardalotes experience high levels of parasitism, but 
remain common and widespread. This suggests that parasitism is insufficient to explain the 
decline of forty-spotted pardalotes, or that striated pardalotes at my study sites may be 
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sustained by outside source populations (unlike forty-spotted pardalotes which are restricted 
to southeastern Tasmania). 
The extensive range contraction of forty-spotted pardalotes on mainland Tasmania 
compared with the high occupancy of available habitat throughout Bruny Island and Maria 
Island has not been fully explained. Bruny and Maria Island may have fewer competitors for 
food and nesting resources, or fewer predators. Interestingly, sugar gliders (Petaurus 
breviceps), which are nest predators of small-bodied cavity-nesting birds in Tasmania, were 
introduced to mainland Tasmania in the mid-1800s and have not spread to the islands (Gunn 
1851, Rounsevell 1991, Stojanovic et al. 2014). Although I did not detect evidence of glider 
predation at any forty-spotted pardalote nests, gliders may have had a role in the historical 
decline of the species, with the few remaining forty-spotted pardalotes selecting nest sites 
inaccessible to gliders. Further monitoring of mainland nests for predation, as well as 
examination of cavity entrance size selection (in relation to glider skull size) would begin to 
address this hypothesis. Alternatively, habitat loss to farming, agriculture, and industry on 
mainland Tasmania may be the primary cause of range contraction on the mainland.  
 Finally, the relative impact of each threat, and their cumulative effect on the long-
term viability of forty-spotted pardalote populations needs to be evaluated. Population 
viability analysis (PVA) could be used to estimate extinction risk for the species, identify 
life history stages that have a large impact on extinction risk, and inform management 
decisions (Beissenger and Westphal 1998, Lande et al. 2003). 
 
7.4 General Conclusions 
Globally, introduced fly parasites are emerging as a threat to island birds; however, 
this study provides the first evidence of a native fly parasite causing potentially 
unsustainable level of mortality in its hosts (e.g., Kleindorfer et al. 2014). This finding 
emphasises the need to monitor host-parasite relationships, especially in the context of 
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climate change, which is predicted to upset long-term host-parasite relationships. 
Endangered species with small populations can be especially vulnerable parasites if their 
immune diversity is reduced, or if more common hosts help to sustain populations of 
parasites at high levels, even while endangered hosts decline to very small numbers. In 
addition to parasitism by fly larvae, this study highlights several new threats to forty-spotted 
pardalotes, including competition for nest sites, nest site limitation, genetic isolation among 
populations. These threats may all work together to limit and drive decline in forty-spotted 
pardalotes. However, understanding and addressing manageable threats, such as adding nest 
boxes to alleviate competition for and scarcity of nest hollows will likely produce strong 
increases in population density, and may help to stabilize or increase populations when 
applied at a broad scale.  
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